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Editorial 


The Future of Mankind 


M AN-LIKE CREATURES roamed the earth 20 million years ago, and 
by the year 300,000 B.C. some tribes of man had attained a considerable degree of civiliza- 
tion and culture, as evidenced by relics and works of art which have been found in European 
caves. Barring the man-made catastrophe of a nuclear war which would make human life 
impossible because of radioactive residues, there is every reason to believe that man will-exist 
on the earth for many more millions of years. Two outstanding books of prediction have ap- 
peared in recent years: ‘““The Next Million Years” by Charles G. Darwin and ‘The Foresee- 
able Future” by Sir George Thomson. Darwin speaks of a million years because normally 
that is long enough to create a new species, i.e., Homo Sapiens might acquire a new second 
name. Sir George points out the directions in which modern technology and research seem to 
lead, discussing the limitations imposed by known laws of Nature. He refuses to be drawn 
into the prediction of new physical principles. 

The present era is one of truly frantic struggle to increase the distributional entropy of all 
materials on the earth for which man can find any use. What will man’s status be, say 100,000 
years from now? His appearance and intelligence will change somewhat, but not drastically. 
It is safe to say that he will have searched out and destroyed or scattered all the coal, oil, 
natural gas, concentrated deposits of ores and minerals, including uranium and thorium. Will 
he then of necessity revert to a primarily agricultural economy, with very limited means of 
transportation, materials of construction, or goods for comfort and luxury? 

The answer depends largely on the discovery and development of new sources of power, 
and on the economical use of energy. With abundant energy, ingenuity, and a high degree of 
automation, metals and chemicals can be extracted from sources of low concentration: alu- 
minum from almost any earth, iron from red clay or shale. The oceans contain 1.5 & 10% 
tons of copper, at a concentration of 1 part in 10"; the theoretical minimum energy of ex- 
traction is only a few hundred kwhr per ton. Man 100,000 years hence will have to concen- 
trate his materials from such sources. He will most likely not wear a few ounces from a 3000-lb 
machine, then let the rest disintegrate in a dump. Further, many present industrial methods 
would seem like burning down the house to roast the pig. 

With abundant energy, hydrocarbons for fuels and organics can be made from carbon di- 
oxide secured from the air or carbonate rocks, and water. A great break-through in the energy 
problem may be in the control of nuclear fusion reactions. It is possible, but hardly probable, 
that atomic fuels and other materials will be imported from other parts of the solar system or 
of the universe. The heat of the earth’s interior may be tapped, perhaps useful minerals dis- 
covered, by deep borings. It has been estimated! that, even now, the cost of drilling a slanting 
hole to a vertical depth of 10 miles would not be out of line with the cost of certain other ex- 
ploratory endeavors. 

The population which the earth can support in any era will depend on the relative attention 
paid to the problems of food and of material possessions and comforts. If man does not limit 
his numbers voluntarily, sporadic famine and catastrophe will. 

In the past, man’s cruelty to man has known no bounds. This may be an inheritance from 
the days when a man-creature of another clan was both a dangerous enemy and just another 
animal to be killed and eaten if possible. Until recent times torture and death were important 
religious rites, often accompanied by cannibalism. Today, torture and death are still common 
political and police rites in a large part of the world. The long-range tendency seems to be 
toward abolishment of cruelty, both private and official, but recurrence of barbarism is all 
too frequent and violent. There is reason and hope to believe that barbaric practices will be 
abandoned before the hypothetical year 101,957. 

CVK 
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Plating Electrotype Shells 


Building Up Worn Parts 


Plating Versatile Lead-Tin Alloys 


Plating Printed Circuits 


High Speed Wire Plating 


ou can electroplate IO ways better 


FINE CHEMICALS 


d 


REAGENTS 


1. No mixing or dissolving necessary . . . 
supplied in concentrated solution form 


2. Easier bath preparation 
3. Stability of bath composition 
4. Ease of control 


5. Practically 100% anode and cathode 
efficiencies 


6. High conductivity 

7. Good covering power 

8. Fine-grained deposits of good color 
9. Faster, high-speed operation 


10. Readily adaptable for alloy deposits: 
lead-tin and lead-tin-copper alloys 


with B«A FLUOBORATE Plating Solutions 


AND MANY MORE ADVANTAGES... 


. . . enabling you to increase production . . . 
lower your operating costs . . . get easier, 
simpler operations. In addition to the ad- 
vantages listed, each fluoborate bath offers a 
number of special advantages for its particu- 
lar applications. 


Here is the modern way to electroplate. Mail the 
coupon now for complete information. 


JE-3 


BAKER & ADAMSON® Fine Chemicals 
GENERAL CHEMICAL DIVISION 

ALLIED CHEMICAL & DYE CORPORATION 

40 Rector Street, New York 6, N. Y. 


Please send me, without cost or obligation, 
complete technical data on the use of fluoborate 
solutions for the following plating applications 
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In 1937, eleven Polarographs were known to be 
located in the United States. Today there are 
many hundreds of Sargent Polarographs in use— 
employed for a wide variety of purposes. 


From Australia to Sweden, and all over Amer- 
ica, Sargent Polarographs are constantly at work 
for the progress of science. 


Dozens of users have more than one Sargent 
Polarograph working for them. One industrial firm 
alone has already obtained sixteen. 

Of the hundred universities, colleges and 
research institutes employing Sargent Polaro- 
graphs, one operates seven and over twenty uni- 
versities use two or more. The United States Gov- 
ernment has already placed more than forty in 
service. 


The Sargent Polarograph’s uses are varied 


1. For the routine analysis of non-ferrous alloys and 
ores when determining minor constituents including 
copper, lead, cadmium, zinc, manganese, iron and cobalt. 

2. For the routine determination of lead, copper, nickel, 
manganese and cobalt in ferrous alloys. 

3. For the analytical control of 4 cance baths, notably in 
the field of precious metals 


Ss ARG N SCIENTIFIC LABORATORY INSTRUMENTS +» APPARATUS + SUPPLIES 


Many Uses... Many Users 


SARGENT 


POLAROGRAP 


Trademark Reg. U.S. Pat. Off. 


MODEL XXI Visible 


Chart Recording 


Indispensable 
Chemical Facility 


4. For trace metal measurements in food products, in 
body fluids and in petroleum products. 

5. For the analysis of source materials and processe( 
products for a variety of hormones and vitamins. 

6. For the identification and estimation of numerous sub- 
stances of nutritional and biological regulatory fune- 
tion, supporting or replacing biological assay. 

7. For the determination of halides and sulfate groups by 
titration with a polarized electrode. 

8. For the analytical measurement of innumerable organid 
compounds containing reducible groups. 

9. For specific industrial controls such as the estimati 
of aldehydes in alcoholic products, the quantitative 
differentiation of sugars and the control of aging qual- 
ity in sugars. 

10. For the measurement of dissolved oxygen, oxygen de- 
mand and metal ions in water and sewage. 

11. For many uncommon analyses for which classical pro- 
cedures are unavailable, less accurate and slower. 

12. For the investigation and control of commercial reduc- 
tion processes. 

13. For thermodynamic investigations relating to states o 
ionic aggregations, mobilities and diffusion rates, solu- 
bilities, reaction rates and equilibrium constants. 


For a complete description of the Sargent Polarograph 
Model XXI, write today. 


$-29303 POLAROGRAPH—Model XXI Visible 
Chart Recording, Sargent. For operation from 115 
Volt 50/60 cycle circuits $2275.00 
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Supercooling, Preferred Orientation, and Inverse Segregation 
in Lead-Antimony Alloys 


A. C. Simon Anp E. L. Jones 


Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Experiments are described which confirm the previously reported inverse segregation 
of Sb in the Pb-Sb alloy castings. Supercooling of Sb at eutectic temperatures and a pre- 
ferred orientation and growth direction for the Sb crystals are responsible for the exces- 
sively large coverage by Sb in the surface of the cast alloy. Interdendritic flow, pre- 
viously claimed as a principal factor in this inverse segregation, is now found to be 
unnecessary . Preferred orientation with the [111] direction perpendicular to the surface and 
preferred directions of growth parallel to the (111) plane are shown to be caused by the 
strong covalent linkages within the (111) pairs of planes. This, plus a number of factors 
such as temperature gradient, surface tension, and Sb concentration in the surface film, 
favors the growth of those nuclei that originate with their (111) planes parallel to the 
surface. This preferred orientation of Sb can influence the tensile strength and ductility 


of hypereutectic Pb-Sb alloys. 


An unusual concentration of Sb is found at the surface 
of hypoeutectic (below 11% Sb) Pb-Sb castings (1). The 
crystal form of this-Sb indicates that it has solidified prior 
to the eutectic, contrary to the equilibrium phase diagram 
of the system. 

The primary crystallization of Sb at the surface in ex- 
cessive concentration was previously explained as being 
caused by an interdendritic flow of molten metal from the 
interior of the casting into the gap left between the semi- 
solid crust and the mold face during the solidification 
contraction. This satisfactorily explained the observed 
phenomena, but required the assumption of an unusual 
degree of supercooling to explain the large amount of Sb 
that froze as primary crystals. 

Additional work and a reappraisal of the original ob- 
servations have shown that supercooling of Sb takes place 
not only at the surface but throughout the interdendritic 
melt. In addition, excessive concentrations of Sb were also 
found at the surface of hypereutectic (above 11% Sb) alloy 
castings. A modification of the original explanation appears 
necessary. The following discussion shows that there is a 
preferred orientation of Sb at the surface with the [111] 
direction perpendicular to the surface, and that there is a 
preferred growth direction parallel to the surface. These 
factors influence not only the surface appearance of the 
as-cast Pb-Sb alloy series but the physical properties as 
well. 


EXPERIMENTAL PROCEDURE 


The method of casting against polished mold walls in 
order to obtain a surface suitable for metallographic 
examination has been described (1) and criticized (2). 
Interpretation of the results, however, had been carefully 
verified by comparison with conventionally prepared 
metallographic cross sections for each of the alloys studied 
and by comparison with commercially prepared castings 
obtained from various sources. In addition, the presence of 
this Sb surface layer had been confirmed by x-ray analysis 


and chemical tests and additionally, as herein reported, by 
crystallographic measurement and identification of the 
actual crystals formed, so that the authors do not feel that 
such criticism is justified. 

Alloy series were prepared in a concentration range of 
3-21% Sb in increments of 2% under five casting condi- 
tions. The reasons for these conditions are brought out in 
the subsequent discussion. 

1. Additional series of castings were made under the 
conditions reported previously (1). 

2. Castings were made between highly polished parallel 
Al plates separated by 0.005-in. shim stock that acted as 
the narrow sides of the mold so that a 3 x 4 x 0.005-in. foil 
resulted. The mold was heavily insulated and suspended so 
that the parallel plates were vertical, with the width (3-in. 
dimension) and thickness (0.005-in. dimension) parallel to 
the base and with the height (4-in. dimension) vertical to 
the base. Heating was from the base, and controlled reduc- 
tion of temperature began at the base. Cooling took place 
from the small, uninsulated top surface. The freezing 
therefore proceeded from top to bottom, and the cooling 
rate was approximately 5°/min. 

3. Cast foils were made under the above conditions ex- 
cept that the top was heavily insulated immediately after 
casting, the source of heat was removed from the bottom, 
and a water-cooled Al plate was substituted. Freezing 
began at the bottom and cooling was at approximately the 
same rate as above. Series 2 and 3 were cast with the mold 
temperature initially slightly above the freezing point of 
the alloy since this was the only way in which such thin 
foils could be prepared. 

4. Series 2 and 3 were duplicated except that the foil 
was made 0.125-in. thick. 

5. Castings were made in a mold in which was sus- 
pended an Al sheet with both sides polished. This sheet 
was supported in the center of the mold by pointed Trans- 
ite blocks so that heat transfer was at a minimum. The 
polished plate was 1-in.? and 0.125-in. thick and was 
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Fic. 1. Etch pits left in Pb-Sb alloy surface by removal 
of primary Sb crystals; from the as-cast surface of a hyper- 
eutectic alloy containing 13% Sb. 500x. 


surrounded on all sides by a 1-in. thick casting section. The 
mold was originally at a temperature above the melting 
point of the alloy and was held at this temperature a suf- 
ficient length of time after casting so that the interior 
plate reached the melt temperature before cooling began. 
By milling the edges of the resulting casting, the two halves 
of the casting could be separated at the interior Al surface. 

To determine crystal orientation and habit, the following 
procedure was used: When a Pb-Sb alloy is corroded 
anodically in a H,SO, solution, visible formation of lead 
oxides does not take place until the Sb present in the 
surface of the casting has been leached out (3). Specimens 
of the various castings that contained suitable Sb crystals 
were given this treatment, using a very low current density. 
Removal of Sb resulted in a negative replica of the crystal 
in the surrounding Pb (Fig. 1). Surface dimensions and 
angles of this depression, its depth, and the position of the 
deepest portion with relation to the surface outline were 
measured with various microscope accessories. With this 
information, the shape of the crystal was reconstructed, 
the angles that the sides made with one another calculated, 
and the crystal habit and the preferred directions of den- 
dritic growth determined. Preferred directions of dendritic 
growth were then used to determine the orientation of the 
thin platelets which were not suitable for the above method 
of determination. 


OBSERVATIONS AND CONCLUSIONS 
Hypoeutectic Alloys 
1. Primary crystallization of Sb and excessive amounts 
of Sb in the as-cast surface occur under all casting condi- 
tions for the hypoeutectic alloys. Whether the casting was 
large or small (relatively speaking, since the largest casting 
examined was only 5 in. long by 3 in. in diameter), rapidly 
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or slowly cooled, or subjected to differential cooling, the 
surface always showed segregation of excess Sb and pri. 
mary crystallization. As reported previously, the degree to 
which segregation occurred depended on the cooling rate 
and the amount of Sb in the alloy, but it was always present 
to some extent. This was true even at the internal surface 
formed by suspending a plate in the center of the mold, 
Repetition of the experiments reported previously led to 
the same conclusions as formerly. Castings made against 
Al, Fe, glass, Cr, Pb, and Transite and against Al and Fe 
surfaces under silicone oil all exhibited this same excessive 
Sb segregation at the surface. 

2. The appearance of primary Sb crystals and excessive 
proportions of Sb at the casting surface of the hypoeutectie 
alloys is evidence of a larger than eutectic concentration 
of Sb and of supercooling. The eutectic concentration of Sb 
is reported to be about 11% by weight, and on that basis 
the eutectic structure would be expected to contain an Sb- 
to-Pb ratio of approximately 1:8 by weight or 1:5 by 
volume. Conditions that reverse this ratio in the surface 
cannot be explained by previous theories of inverse segre- 
gation. 

A layer of eutectic composition and structure has been 
observed at the surface of many alloys. This has been 
proved to be caused by the natural enrichment of the 
remaining melt in solute as primary crystals of solvent 
precipitate. This melt, enriched to eutectic composition, 
may be extruded as a surface layer (4), or may only appear 
to be in excess at the surface because the roughly spherical 
or cylindrical primary crystals have a minimum area in the 
surface layer (5). 

The term primary crystallization is used herein to mean 
the formation of an extensive dendritic crystal or a regular 
crystal of recognized form and habit, of a much larger size 
than would be associated with eutectic structure, and 
which has been precipitated prior to the eutectic in its 
immediate vicinity. For the hypoeutectic alloys, the real 
primary crystals are, of course, the Pb crystals that form 
the bulk of the solid. The primary crystallization of Sb in 
the surface layer of such an alloy depends on the melt in 
the immediate vicinity having some hypereutectic compo- 
sition. The process of interdendritic flow, whereby molten 
metal flowing to the surface to compensate for shrinkage is 
enriched in Sb by the deposition of Pb on the colder walls 
of the interdendritic channels, cannot produce an Sb 
concentration greater than eutectic. The only process that 
suggests itself as a way out of this difficulty is that in 
which Sb supercools in the presence of Pb when the 
eutectic composition is reached. Just as one metal may 
supercool in a crucible made of another, so may Sb super- 
cool in the interdendritic channels and at the surface of the 
primary Pb structure. But Pb can continue to precipitate, 
and so the remaining melt becomes enriched in Sb to a 
point where extensive primary crystallization of Sb occurs. 
The reasons that such supercooling is possible have been 
discussed previously (1). 

3. The formation of a solid crust or extensive interden- 
dritic flow is not necessary to produce the surface film of 
Sb. The possibility of a solid crust being formed and subse- 
quently being partially remelted by heat from the interior 
as the heat transfer becomes interrupted by shrinkage from 
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the mold (4) was not considered likely from the evidence 
previously obtained, but such a possibility was advanced 
as a criticism (2) of the previous report. 

Formation of a solid crust, made possible by normal 
eutectic freezing, not only would be evidence that super- 
cooling of Sb did not occur but would leave no explanation 
of how Sb could occur in greater than eutectic amounts at 
the surface. For, if a solid crust is first formed and then 
remelted, the first portion to remelt would be of eutectic 
composition (lowest melting point), and any further re- 
melting would cause enrichment of the melt in Pb. Enlarge- 
ment of the surface pores by hotter material from the 
interior would aggravate this condition, so that the ex- 
truded material could not contain more than the eutectic 
amount of Sb and would probably contain less. 

Thin alloy foils of 0.005 in. thickness cast as described 
were frozen so that the primary Pb dendritic crystals grew 
in one direction only, parallel to the mold faces. The 
thickness of the foil equaled the average diameter of one 
dendritic arm, and by proper control of cooling a row of 
parallel dendritic branches could be produced which were 
parallel to and between the foil surfaces. In other words, 
a foil was produced in which freezing had begun either at 
the upper or lower end and not from either foil surface. 
The resulting foil was not a single crystal, but the individ- 
ual grains were large and their thickness equaled that of a 
single dendritic branch. The individual dendritic branches 
of each grain were parallel to the foil faces and roughly 
parallel to the long dimension of the foil which was also the 
vertical axis of the mold. This was checked by the prepara- 
tion of chemical replicas (6), and by alternately etching 
and stripping the surface film with pressure-sensitive tape 
until the underlying dendritic structure was revealed. 

In all of the foils, whether growth of the primary Pb 
dendritic crystals started from the bottom of the mold or 
from the top, the surface film of the casting showed exces- 
sive concentration and primary crystallization of Sb. The 
diameter of the individual dendritic branches was nearly 
the same as the thickness of the foil, and their length was 
many times their diameter. These crystals, the first solid 
to form in a given section, evidently had been able to grow 
to their final diameter in a medium that was still unfrozen. 

In these circumstances there could be no formation of a 
solid crust with liquid center, nor any buildup of a higher 
concentration of Sb toward the center. Gravitational flow 
of still-molten metal through the interdendritic channels 
along the length of the foil maintained a liquid layer in 
contact with the mold surfaces during the shrinkage con- 
traction so that the castings conformed closely to mold 
dimensions. For a mold of these dimensions, however, 
contraction of the solidifying metal would be small and 
movement of molten metal past any given point in the 
interdendritic channels would be small, far too small to 
cause any appreciable increase in concentration or the 
introduction of Sb-rich material at the surface in consid- 
erable quantity. 

The argument might be made that a given section of the 
foil had been completely solid and, as shrinkage occurred, 
feeding had taken place from other regions through the 
gap between the metal and mold. That this is not true is 
attested to by the fact that the surface film of Sb was 
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present regardless of whether freezing of the foil began at 
the bottom (which would favor gravitational flow) or 
from the top (which would preclude gravitational flow if 
the melt in a given section became completely solid). 

Additional proof that there is no necessity for the forma- 
tion of a solid crust or extensive interdendritic flow is given 
by the experiment wherein an Al plate was suspended in 
the interior of the mold. This plate, being well insulated 
from the exterior surfaces, centrally located, and at the 
temperature of the melt, would approximate conditions at 
the center of a casting that was being cooled through the 
exterior mold surfaces. The area around this plate then 
represents the last portion to freeze and cannot be supplied 
with liquid metal from any other region. Although the 
surface was always marred by many shrinkage cavities, 
freezing at this interior surface nevertheless took place 
with the formation of a surface layer of high-Sb concentra- 
tion and primary crystallization, just as at the exterior 
surfaces. 

The conclusion is reached, therefore, that this is a process 
that occurs in situ and does not depend on interdendritic 
flow. A completely solid crust was evidently not present at 
the time the surface film formed, but the main function of 
interdendritic flow is to maintain the liquid layer in contact 
with the mold face during solidification contraction. 

4. For both hypoeutectic and hypereutectic Pb-Sb alloys 
there is a preferred orientation of Sb with the [111] direc- 
tion perpendicular to the casting surface. Examination of 
the surface of castings made from hypoeutectic alloys re- 
vealed a host of elementary growth forms (Fig. 2), all of 
the same type, which on investigation were revealed as 
dendritic Sb crystals. In the most elementary form, these 
consisted of three needlelike or acicular dendritic branches 
parallel to the surface and meeting at a common center at 
angles of 120° to one another. As the concentration of Sb 
was increased or rate of cooling decreased, the dendritic 
crystals began to exhibit a center of regular crystal struc- 
ture with the dendritic branches radiating from the 
corners (Fig. 3). This center was normally in the form of an 
equilateral triangle, although other forms appeared occa- 
sionally. These equilateral crystals were found to have 


Fig. 2. Primary Sb crystals of primitive dendritic form, 
crystallized in the as-cast surface layer of a Pb-Sb alloy 
containing 9% Sb. 800. 
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Fic. 3. Primary Sb crystals of regular form but with 
dendritic corner extensions, crystallized in the as-cast 
surface layer of a Pb-Sb alloy containing 11% Sb. 800x. 


their (111) planes parallel to the surface. Cross sections 
revealed that for the hypoeutectic alloys these crystals 
had developed the (111) planes at the expense of all 
others, so that a very thin platy crystal was formed. 
For the hypereutectic alloys the equilateral triangle at the 
surface had developed into a tetrahedron with the (111) 
plane at the surface and the apex beneath the surface. The 
sides of this tetrahedron were made up of (110) planes. 
The tetrahedral crystals formed in the hypereutectic alloys 
did not exhibit dendritic growth from their corners or edges 
for reasons to be explained in a later section. 

The hypoeutectic alloys showed a decided tendency 
toward dendritic growth from the corners of the equilateral 
triangles in the [111] and equivalent directions. As the 
cooling rate increased, these crystals began to exhibit 


Fic. 4. Schematic representation of the interpenetrating 
lattice configuration of Sb. Similar numbers identify lattice 
points on the same plane, successively increasing numbers 
refer to planes at increasing depth behind plane ABCD. 
Note that the configuration forms a very slightly askew 
face-centered lattice. . 
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additional directions of dendritic growth. While the dep. 
dritic growth usually originated at the corners of the 
triangle, and while dendrites at 120° to one another were 
the directions of principal growth, numerous other dep. 
dritic growths appeared at lesser angles, radiating from the 
corners like a diverging bundle of rays. 

The occurrence of crystals with the (111) planes approx. 
imately parallel to the surface was estimated at about 95% 
of all the orientations that appeared. The crystals show a 
decided preferred orientation with the [111] direction at 
right angles to the surface, but the individual crystals 
appear to have no preferred orientation with respect to one 
another other than sharing a common axis in the [III] 
direction. 

5. Preferential growth occurs at right angles to the 
direction of preferred orientation and causes a surface 
layer of Sb without the need for excessive supersaturation, 
In examining cross sections of the foils, the Sb particles in 
the matrix surrounding the primary dendritic branches of 
the Pb crystals were observed to have random orientation 
except at the as-cast surface, where they were almost in- 
variably aligned with their long axis parallel to the surface. 
In addition, those crystals formed in the surface layer, 
when viewed from above the surface, showed extensive and 
continuous dendritic structure and even large crystals of 
regular structure but, when viewed in the cross section, 
were found to have grown very little in any direction away 
from the surface. This refusal of Sb crystals to grow into 
the interior, even when there was plenty of room to do so, 
was taken as evidence of a preferred direction of growth in 
the plane of the surface. Preferential growth direction is 
also indicated by the internal structure of Sb. 

The lattice of Sb has been determined to have ortho- 
rhombic symmetry. As originally pictured (7), Sb atoms lie 
in two interpenetrating face-centered rhombohedral lat- 
tices (Fig. 4), and the unit rhombohedral cell is pictured as 
face-centered. The early literature reports the lattice con- 
stants on this basis, and some reports on crystal form and 
cleavage planes have been based on this notation. 

But a primitive rhombohedron of the same height, but 
one-quarter of the volume of the original, can be outlined 
in the face-centered unit cell (Fig. 5), and it is the lattice 
constants of this cell that are reported in the recent litera- 
ture. Since this change in cell also causes a transformation 
of axes and face indices, care is necessary in comparing 
reports on the habit, structure, orientation, and cleavage 
characteristics of Sb. Axes and face indices mentioned in 
the present report are based on the primitive cell of Fig. 5 
and on the Miller system which employs three axes of 
reference. 

Reported lattice constants (7-12) are in good agreement, 
but the exact positions of the atoms (the relative displace- 
ment of the two interpenetrating lattices) are still in doubt 
(7, 8). 

The lattice structure of Sb is unusual, but this alone 
does not furnish the clue to the odd behavior of the surface 
film in alloy castings. As was shown for Ge (13), the pre- 
ferred growth parallel to the metal surface is caused by its 
method of atom bonding. The (111) planes of the Sb lattice 
are arranged in double layers, with the two layers spaced at 
approximately 1.50A apart and repeated at intervals of 
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about 2.25A. The fourth layer is vertically over the first. 
In this arrangement, each atom has three close neighbors in 
the other plane of its double layer and three others at a 
somewhat greater distance in the next double layer (Fig. 6). 
Of the four covalent bonds associated with each atom, 
three appear to be bound with the three closest neighbors 
in the other half of the same double layer at a distance 
equivalent to the closest atom spacing. The remaining 
covalent bond could be considered to act through the next 
adjoining double layer on an atom at twice the above 
distance. Actually, each double layer might be regarded as 
a huge molecule held together by simple covalent bonds, 
while the layers themselves may be considered as held 
together by Van der Waals’ forces or something like 
metallic bonds. 

Atoms within a given double layer, therefore, attract 
each other strongly, being held together by the mutual 
attractions of three of their covalent linkages, while the 
attraction for atoms in other layers is much weaker. A 
strong tendency for approaching atoms to be drawn into 
an existing double layer rather than to begin another 
layer in the [111] direction would be expected to occur, and 
this effect would be strongest for the conditions favorable 
for dendritic growth. The evidence indicates that this is 
actually what does occur. The perfect cleavage parallel to 
the (111) planes is also explained by the bonding of the 
crystals. 

Since the crystals show a preferred orientation with the 
[111] direction perpendicular to the surface and a preferred 
direction of growth parallel to the surface, there results an 
excessive coverage by Sb in the surface layer which appears 
to be caused by a large excess of Sb but, in reality, is the 
result of preferential growth of a comparatively small 
excess. 

The cause of the preferred orientation is not obvious. In 
the case of those crystals which consist largely of the three 
dendritic arms mecting at 120° to one another, it appears 
that the nucleus itself must have been formed with this 
orientation or acquired it shortly after birth. The effect 
cannot be attributed to a thermal gradient extending into 
the interior because the same effect was observed at in- 
terior surfaces where the temperature differential was 
reversed. The effect does not appear to be caused by 
nucleation from the mold because, as was mentioned pre- 
viously, various mold surfaces and air and silicone oil 
contact surfaces produce the same effect. 

The phenomenon might be attributed to surface tension 
since it appears at all interfaces. The energy associated 
with the surface layer may have an influence on the 
formation of the nucleus or may influence the nucleus after 
its formation, since the effect of surface tension acting on 
an object becomes more and more important compared 
with its weight as the object becomes smaller. 

As Gibbs has shown, if a substance lowers the surface 
tension of a liquid when dissolved in it, the concentration 
of the substance is greater in the surface film than in the 
bulk of the liquid. If this is true, the concentration of Sb 
in the interface will be higher than elsewhere. To be sure, 
the layer concerned may be only one or several atoms 
thick, but consideration is here being given only to the 
formation of a nucleus. 
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The supersaturated surface layer of the semisolid alloy 
may therefore be pictured as having an interface of high Sb 
concentration, a greater than eutectic concentration of Sb 
in the layer, a temperature gradient that produces the 
greatest supercooling at the interior mold surface or at the 
liquid-mold interface, and conditions that are ideal for 


Fig. 5. Lattice configuration of Sb when a more primitive 
cell is used, same spatial distribution as before. For clear- 
ness only a portion of the new lattice has been drawn in. 
Note that an interpenetrating body-centered rhombohedral 
structure is produced. Observe also that the indices X’, 
Y’, Z' are differently located than X, Y, Z of Fig. 4. 


Fic. 6. Bonding configuration of Sb, same spatial ar- 
rangement as before. Covalent bonding forces are pictured 
as rigid bonds with maximum interaction shown in the 
closely grouped pair of (111) planes. Observe that the bends 
operating within the closely grouped pairs are more numer- 
ous and act over shorter distances than those operating 
between paired planes. 
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dendritic-type crystal growth. Nucleation should logically 
occur at the interface with orientation as described. In 
addition, the heat associated with crystallization is radi- 
ated in all directions but is most readily transferred by the 
solid mold rather than by the liquid melt. Thus there exists 
briefly a more favorable condition along the mold face 
than into the molten material beneath the surface. Nuclei 
with an unfavorable orientation that causes them to grow 
away from the surface should be overwhelmed by those 
more favorably located with their (111) planes parallel to 
the surface. If this evaluation of the cause of preferred 
orientation is correct, the decease of the unfavorably 
located crystals must occur while they are yet very small, 
since very few crystals of other than the preferred orienta- 
tion were found in the surface layer. 

The surface of Pb-Sb alloys is not the only place where 
this preferred orientation of Sb occurs. A similar phenom- 
enon has been reported for thin films of Sb, vacuum- 
evaporated upon a suitable support (14-16). These films 
are condensed as an amorphous layer and then spontane- 
ously crystallize with the (111) planes parallel to the film 
surface. In one of these reports (15), the optical appearance 
is described in detail and photographs of the structure are 
included. The description and illustrations of the crystals 
obtained from the evaporated film apply equally well to 
the crystals obtained here in the surface film of the alloy, 
indicating a marked similarity in growth habit. 

Another interesting observation has been reported con- 
cerning the orientation texture present at the cast surface 
of pure Cd and Zn (17). These metals, of hexagonal 
structure, had the basal (0001) planes oriented parallel to 


Fic. 7. Cross section through thin Pb-Sb foil. Primary 
tetrahedral Sb crystal (bright triangle at right edge) is 
surrounded by an area in which Pb predominates. This dark 
area isolates the primary crystal and also outlines the shape 
of the dendritic Pb crystal. Remainder of Sb in picture 
represents “‘eutectic’’ structure formed upon relief of super- 
cooling. 
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the surface, and this same texture was observed whether 
cast against air, Transite, Fe, or molten Pb. 

While the structure of Sb cannot be compared with that 
of Cd and Zn, the planes of maximum density are parallel 
to the surface in each case. This indicates that surface 
tension might be the largest single factor in determining 
orientation, whereas the solid-state conversion of an 
amorphous solid into an oriented crystal structure might 
require a different conclusion. In deposits condensed from 
the vapor, however, only materials having a high atomic 
mobility like Zn, Cd, Sb, Bi, and NaCl show a densely 
populated plane parallel to the surface (16). 


Hypereutectic Alloys 


The conclusions and observations pertaining to the 
hypereutectic alloys cover only that part of the alloy 
series containing between 11 and 21 % Sb, a small segment 
of the total series. In general, observations and conclusions 
are the same for the hypoeutectic range. There is the same 
excessive surface Sb, preferred orientation, and preferred 
growth direction as previously mentioned but there are 
also the following additional observations: 

1. Since primary crystals of Sb precipitate first and at 
the surface, excess Sb at the surface cannot be explained 
by the usual explanation of inverse segregation. This must 
be considered as a special type of “normal” segregation. 

2. In the hypereutectic alloys, the surface is made up 
of two kinds of crystals. Individual tetrahedra appear with 
preferred orientation with the [111] direction perpendicular 
to the surface, the basal (111) plane at the surface, and 
the apex beneath the surface. The remainder of the surface 
is covered with a thin, continuous, platy film of Sb in 
which neither dendritic structure nor individual crystals 
could be detected by the methods being used. For the 
reasons already given, this film was assumed to have the 
same preferred orientation with the [111] direction perpen- 
dicular to the surface. This was confirmed by x-ray analy- 
sis of a 15% Sb alloy foil which also verified the excessive 
amount of Sb in the surface layer (18). 

3. Supercooling of Sb and preferred growth direction is 
responsible for the surface layer in the hypereutectic alloys 
just as in the hypoeutectic. When the amount of Sb in the 
alloy is increased beyond the eutectic composition, the 
surface is still covered with an Sb film, but the regular 
crystals of Sb in this film no longer have dendritic exten- 
sions from the edges or corners, and they are no longer 
platy but have become regular tetrahedra with the base at 
the surface. 

The cross section of a thin Pb-Sb foil (Fig. 7) shows that 
each regular Sb crystal is surrounded by a region rich in 
Pb and in which there are no detectable particles of Sb. 
Beyond this lead envelope the so-called eutectic structure 
occurs. Examination shows that this Pb envelope around 
the regular Sb crystal sometimes is extended for consider- 
able distances into the eutectic as dendritic prolongations. 
Although an effort was made to promote freezing of these 
alloys in a direction parallel to the foil faces as was done 
for the hypoeutectic alloys, the cross sections showed that 
all regular Sb crystals were formed at the foil surface 
(mold face) and grew inward. Dendritic Pb crystals had 
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completely random growth directions. If one mold face was 
intentionally made less well insulated, all the Sb crystals 
were found to have originated at this cooler mold face. 

The evidence indicates that initial freezing of the melt 
gccurs without supercooling. Under these conditions rela- 
tively few nuclei are formed, and the growth conditions 
favor regular rather than dendritic crystal growth. The 
crystals that do form naturally do so at the mold face and 
grow to a fairly large size in the tetrahedral form already 
described. 

The Pb-rich area surrounding each crystal, in which no 
Sb appears, indicates that growth proceeds faster than 
diffusion can keep pace. The crystal thus becomes sur- 
rounded by a Pb-rich region which effectively prevents 
further growth and in which conditions are suitable for 
solidification of Pb. This permanently seals off the original 
Sb crystal and prevents it from nucleating any further 
precipitation of Sb. With all the original nuclei sealed off 
in this manner, the regular crystal growth of Sb crystals 
becomes a self-extinguishing process. The remainder of the 
Sb now supercools, for its most effective nucleation agents 
have been removed. Conditions are now the same as in the 
hypoeutectic alloys. The metal at the surface contains a 
greater than eutectic amount of Sb and is in a supercooled 
condition. Dendritic. crystallization of Sb occurs with 
preferential growth in the surface plane. This is followed by 
eutectic-type crystallization throughout the remainder of 
the melt. 

The relatively few regular crystals and their concentra- 
tion at the surface suggests the possibility of heterogeneous 
nucleation. Their preferred orientation, however, indicates 
that the same combination of factors previously outlined 
is also responsible for this type of crystal. The thickness of 
the Pb envelope and the dendritic growth of Pb from it 
suggest that Pb also may have supercooled in the region 
surrounding each primary regular Sb crystal. 

Under the conditions that encourage dendritic growth, 
such as supercooling, the crystallization of Sb does not 
become a self-extinguishing process because the rapid 
extension of dendritic filaments of relatively small cross 
section requires such a small removal of Sb from a given 
area that formation of a Pb-rich envelope does not occur 
until the tip of thé growing dendrite has passed into an 
area as yet undepleted. 


Effect of Preferred Orientation on Physical Properties 


The preferred orientation of Sb and its excessive concen- 
tration in the surface film would be expected to exert some 
influence on the physical properties of the alloy concerned. 
Sb is an anisotropic material, and its physical properties 
vary with direction in the crystal. A preferred orientation 
at the surface of the crystal produces a maximum or mini- 
mum effect, depending on the property concerned. 

One effect that was investigated was cleavage. Sections 
of the foil were bent at right angles and the result investi- 
gated. When hypoeutectic alloys were employed, no 
noticeable effect was obtained. When hypereutectic alloys 
were investigated, a significant difference was noted. 
When the bend occurred over the site of a regular tetra- 
hedral Sb crystal, cleavage of the crystal occurred if the 
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Fic. 8. Cross section of foil with 90° bend. Primary 
crystal of Sb has split, and crack has spread to eutectic 
portion of section. This effect is highly localized under 
site of crystal and does not represent an extensive crack 
across the foil. 500. 


crystal was in the surface under tension (Fig. 8). Crystals 
in the surface under compression did not cleave. Cleavage 
of the crystal resulted in an open crack extending from the 
surface down through the crystal and well into the under- 
lying lead. The brittle crystal, with its apex pointed at the 
center of the foil, was evidently acting much like a mechan- 
ical notch and causing failure in the underlying structure. 
This effect was either absent in the dendritic crystals or 
resulted in twinning, and no visible failure occurred 
through this type of crystal. 

As-cast Pb-Sb alloys show a sudden decrease in tensile 
strength near the eutectic concentration of Sb (19, 20); 
extruded and annealed specimens show no such decrease 
(21). Tetrahedral Sb crystals first make their appearance 
at this same point, and their demonstrated failure under 
tension would indicate that their presence is responsible 
for the sudden decrease of tensile strength at above 
eutectic concentrations. 


Manuscript received July 17, 1956. This paper was pre- 
pared for delivery before the Cleveland Meeting, September 
29 to October 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JourNAu. 
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The Question of Space Charge in Anodic Ta,O, Films 


D. A. VERMILYEA 


Research Laboratory, General Electric Company, Schenectady, New York 


Dewald (1) has extended the oxidation theory of Cabrera 
and Mott (2) to include the effect of an ionic space charge 
in the oxide film. Such a space charge will develop if, for 
example, the time required for an excess interstitial ion to 
move from one side of the film to the other is not very 
much smaller than the time required for the ion to cross 
the interface. Space charges do not develop in all types of 
film formation, since a mechanism involving the creation 
of pairs of defects within the film, rather than of single 
defects at an interface, leaves the film electrically neutral 
at all times. In a previous publication (3) an attempt was 
made to detect the presence of space charge in anodic 
TaO; films. It was concluded that such space charges 
must be quite small. Recently Young (4) suggested that 
an ionic space charge would explain his measurements of 
the frequency and time dependence of the capacitance of 
niobium oxide films, and stated that behavior similar to 
that of niobium oxide is shown by Ta,Q; films “under 
certain conditions’’. In this paper the results of measure- 
ments of the capacitances of Ta,O,; films of various thick- 
nesses are discussed. Measurements indicate there may be 
a charge in the film of such a density that the variation of 
electric field across a film 5000A thick is about 1%. 


EXPERIMENTAL 


Oxide films were formed on chemically polished Ta 
sheet,! using a solution of 0.05% Na.SO, in water as the 
electrolyte. The metal specimens were 2 in. x } in. x 
0.005 in. and had a tab 4 in. x #y in. on one corner. 
They were cut from Ta sheet with a die and then chemi- 
cally polished, so that the edges cut by the die and the 
rolled surfaces were smoothed and cleaned. It is known 
that chemical polishing leaves a film of unknown com- 
position at the oxide-metal interface, and it is conceivable 
that such a film might have an effect on the results. How- 
ever, the same results were obtained whether this film 
was kept in place or removed prior to formation by dipping 
the specimen in HF. It was necessary to have a very well- 
defined area on each specimen so that the current density 
of formation at all voltages would be constant and so 
that the capacitance would be measured on the same 
area. This was accomplished by applying a heavy coating 


‘ Obtained from Fansteel Metallurgital Corp. 


of “Cello-Seal”’ (a semifluid substance which does not 
creep along the metal surface) to the specimen at the 
point where the tab joined the main part of the specimen, 
anodizing the tab up to the coating, and then removing 
the Cello-Seal. It was possible in this way to prevent the 
oxide film from creeping above the water line; a very sharp 
boundary between the anodized and clean part was pro- 
duced. 

Voltages applied to the specimens were measured by 
means of a voltage divider and a L&N type K_ potenti- 
ometer to a precision of 0.1%. The potential in the electro- 
lyte near the Ta electrode was also measured with a 
calomel reference electrode so that changes in the cathode- 
solution potential could be compensated for. 

The procedure employed was to apply a constant 
voltage across the forming cell and to allow the current 
to fall to 1.0 ma. The specimen was then removed from 
the bath, cleaned in HeSO,-K,Cr.O7 cleaning solution, 
and placed in a cell containing 2% HNO; and a platinized- 
Pt electrode of 100 cm*. The capacitance was measured 
using a General Radio impedance bridge which had been 
calibrated so that the capacitance could be measured with 
a precision of 0.5%. 

It is known that a plot of oxide film thickness vs. voltage 
extrapolates to zero thickness at a voltage which is about 
1 v negative. The value of the intercept cannot be calcu- 
lated precisely, and hence some extrapolation method 
must be used to find it. For this purpose a plot of the 
measured capacitance times the measured voltage against 
the voltage was made for large voltages and extrapolated 
to zero voltage. Then, values of voltages required to 
make the results at small thicknesses fall on the extrapo- 
lated line were determined and compared to the measured 
voltages. It was found that a small constant voltage 
(about 0.9 v) added to all of the voltages would result in 
a smooth curve of C-V vs. film thickness. The constant 
to be added can be obtained by plotting the reciprocal of 
the capacitance against the voltage and extrapolating to 
zero voltage, but the accuracy is not as great. For an 
extrapolation of either type to be valid, it is necessary 
that there be no rapid change in either the density or the 
sign of any space charge in the film at very small distances 
from either electrode. Earlier measurements (5) at negative 
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applied voltages and film thicknesses down to a few 
angstrom units showed that a plot of reciprocal capacitance 
against voltage was still linear and was a continuation 
of the line obtained with positive voltages and larger 
thicknesses. Therefore, it appears that there is no sudden 
change of field in the oxide film close to either interface; 
hence the extrapolation used is valid. 


AND DiscussION 


Fig. 1 and 2 show plots of C(V + &) against film thick- 
ness, where k is a small constant as shown. There is a 
slight decrease of this product with increasing film thick- 
ness for specimens held either at 19°C and a field of 0.067 
y/A or at 86°C and a field of 0.056 v/A. Three specimens 
anodized under each set of conditions gave nearly identical 
results. For the 29°C specimens the decrease of the prod- 
uct C(V + k) averaged 1.1%, while for the 86°C speci- 
mens the decrease averaged 1.4%. 

There is a possible source of a decrease in C(V + k) 
with thickness which makes the interpretation of these 
results difficult, that is that the area of the film could 
decrease as the film grew thicker. This might occur in 
two ways. First, a very thin film would follow the very 
small scale contours of the surface, while the outer sur- 
face of a thicker film would undoubtedly tend to be 
smoother and hence have a smaller area. Second, the 
metal surface itself would tend to become smoother as 
the film grew. An experiment was performed to see whether 
there was any permanent change of specimen area after 
formation by dissolving all but about 100A of a film in 
HF and then repeating the measurement of capacitance 
vs. voltage. The second set of measurements shown in 
Fig. 1 was made in this way and it may be seen that the 
two sets of measurements agree very well. Thus there 
appears to be no permanent change in area, but it cannot 
be concluded that an effect of this type is entirely absent. 

Therefore, it seems that there is some justification for 
interpreting these measurements as indicating that there 
is a small decrease in the average field across an oxide 
film during formation as the film thickness increases. 
If it is assumed that the space charge density is uniform, 
it can be shown that a density of 10'* electron charges/ 
em® would result jn a change of the average field in the 
film by 1%. It may be that a slightly higher field is re- 
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FILM THICKNESS i 
Fic. 1. Plot of C(V + k) vs. film thickness for a specimen 
formed at 19°C. Closed circles represent the first run to 
about 150 v. All but about 100A of the oxide film was then 
dissolved in HF and the second run (open circles) was made. 


C(¥+093)-VOLT MICROFARADS 


Film THICKNESS A 


Fic. 2. Plot of C(V + &) vs. film thickness for a specimen 
formed at 86°C. 


quired near one of the interfaces of the film to make 
the rates of ion transport in the film and at the interface 
equal. Because the effect is so small, however, it appears 
about equally justifiable to say that the field is essentially 
constant and that the small apparent decrease is the 
result of a change of effective area with film thickness or 
some other similar effect. 


Manuscript received March 23, 1956. 
Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JourNAt. 
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Low-Pressure Solubility and Diffusion of Hydrogen 
in Zirconium 


M. W. MA.Luetr anp W. M. ALBRECHT 


Battelle Memorial Institute, Columbus, Ohio 


ABSTRACT 


Low-pressure solubilities were determined for H in @- and 8-Zr and in two Zr-O alloys 
at 700°-1000°C and pressures of 0.1-4 « Hg. The data followed Sieverts’ law for each phase, 
and H solubility decreased with increasing temperature at a given pressure. Also, there 
was a slight increase in H solubility in a-Zr with increasing oxygen content. Diffusion 
coefficients for H in a-Zr were obtained in the range 300°-600°C by analysis of prepared 
concentration gradients. In the range 600°-800°C , degassing coefficients were determined 
from rate of H evolution from Zr cylinders. Degassing coefficients were much lower 
than expected from diffusion theory, and it was concluded that the degassing was not 
a pure diffusion phenomenon. Terminal solubilities obtained from the gradient ana- 
lysis were in good agreement with those found by previous investigators. 


It has been established that the presence of H has a 
deleterious effect on the mechanical properties of Zr, 
particularly those related to impact, creep, and fatigue 
(1-3). 

H concentrations as low as 10 ppm can embrittle the 
metal, depending on previous heat treatment. Because 
are-melted sponge Zr normally contains 25-100 ppm H, 
it must be vacuum annealed to 10 ppm or less H to elimi- 
nate brittleness. 

Knowledge of optimum conditions for removal of H 
from Zr is commercially important. Therefore, determi- 
nations were made of low-pressure equilibrium solubilities 
and the diffusion coefficients of H in Zr. The resulting 
data indicate the effects of time, temperature, degree of 
vacuum, and section thickness on degassing of Zr. 

Literature—Early work (4) showed an abrupt change 
in H solubility at the allotropic transition of Zr. Later, 
a thorough investigation was made of the Zr-H system ‘at 
pressures of 1-760 mm Hg from room temperature to 
1050°C (5). Extrapolation of the data to low pressures, 
along with other solubilities calculated from diffusion 
studies in the range 400°-500°C, were reported in a dis- 
cussion of the properties of Zr-H alloys (1). Gulbransen 
and Andrew (6) studied rather extensively the equilibrium 
and terminal solubilities of H in a-Zr in the range 425°- 
600°C at pressures of about 0.001-0.1 mm Hg. More 
recently Edwards, Levesque, and Cubicciotti (7) de- 
termined the solid-solution equilibria in the Zr-H system 
and presented a partial phase diagram of the system. 
H solubilities were determined at H pressures of 1-760 
mm Hg in the range 600°-900°C. A phase diagram based 
on results of high temperature x-ray diffraction studies 
and solubilities established by Schwartz and Mallett (1) 
was published by Vaughan and Bridge (8). 

Several investigators have given theoretical interpre- 
tations of the solubility of H in Zr. Martin and Rees (9) 
applied a statistical-mechanical theory of two-component 
interstitial solid solutions. They also accounted for the 
saturation (terminal) solubility of H in Zr-O solutions by 
observing that apparently oxygen atoms in solution at 


octahedral sites block neighboring tetrahedral sites nor- 
mally available to H atoms. A similar explanation was 
suggested earlier (10). This would explain the decrease 
in H solubility with increase in oxygen content. 

Considerable experimental data on the solid solution 
equilibria in the Zr-O-H system were reported by Edwards 
and Levesque (11). Their work was carried out in the 
range 600°-900°C at H pressures of 1-760 mm Hg. 

Very little work has been reported on the diffusion of 
H in Zr. Schwartz and Mallett (1) determined diffusion 
coefficients at 400°, 500°, and 600°C. Gulbransen and 
Andrew (12), in investigating the mechanism of the re- 
action of pure H with Zr, determined diffusion coefficients 
for the diffusion of H and D through a hydride film. Their 
data cannot be compared with those of the present study 
since they were for a hydride phase rather than the metallic 
phase. 

An important feature of all these investigations is that 
the Zr in each case contained 1 w/o or more of Hf. It 
is not known what effect the Hf may have had on the 
properties of the Zr-H system. Therefore, the present 
investigation was made with low-Hf (<0.02 w/o) Zr. 


EXPERIMENTAL WorK AND RESULTS 


For the present study, the low-pressure solubility of 
H in Zr was determined in the range 700°-1000°C at 
pressures of 0.1-4 » Hg. The effect of oxygen in solution 
on the H solubility at the low pressures was also investi- 
gated. 

The rate of diffusion of H in Zr was studied in the range 
300°-800°C. 

Materials.—Zr used in this work was iodide metal, 
are-melted, and cold rolled to 3 in. and in. diameter 
rods. This material was analyzed by spectrographic, 
chemical, and vacuum-fusion techniques. Results are 
given in Table I. 

Zr-O alloys were prepared from the above mentioned 
Zr stock by reacting known quantities of pure oxygen 
with the metal. The alloys were then double arc-melted 
and cold rolled to ;& in. diameter rods. Alloys so prepared 
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TABLE I. Analysis of arc-melted iodide Zr 


Element 


Amount present, w/o 


contained 0.14 and 0.43 w/o oxygen as determined by 
vacuum-fusion analysis. 

Pure H for the study was obtained from thermal de- 
composition of uranium hydride. This hydride had been 
prepared by allowing dried commercial H to react with 
clean U turnings. 

Low-pressure solubility of H in Zr—Method.—Studies 
of the low-pressure H solubility were made in an appa- 
ratus (13) consisting of three main sections: a pure H 
source, a heated specimen chamber, and a vacuum pump- 
ing system. H from the decomposition of uranium hydride 
was diffused into the apparatus through a Pd tube. The 
flow of H through the apparatus at the desired pressure 
level was controlled by proper manipulation of the tem- 
peratures of the uranium hydride and Pd tube. An ioni- 
zation gauge was used for continual pressure indication. 
However, a McLeod gauge was used for periodic measuring 
of the absolute H pressure. 

The H pressure in the apparatus could be regulated to 
any desired value in the range 0.1-4 uw Hg (range of this 
work) and maintained within + 5% of that value for 
several hours. 

The specimen chamber was heated with a wire-wound 
furnace. Temperatures were measured with a Pt-Pt + 10% 
Rh thermocouple in contact with the specimen. Tempera- 
tures of the specimens were controlled to + 5°C. 

Specimens, } in. in diameter by } in. long, were dry 
abraded with 240-grit SiC paper, washed in A. C. 8. 
reagent grade acetone, and placed in the furnace tube of 
the apparatus. 

All experiments were carried out for a period of 6 hr 
at constant temperature and pressure. The equilibrium 
solubility was obtained within this time, as shown by the 
fact that a few specimens heated for 12 hr did not show 
significantly different results. At the end of an experiment 
the furnace tube containing the specimen was quenched 
with cold water. The specimen was then analyzed for its 
H content by the vacuum-fusion method. Usually a 
duplicate specimen was prepared for metallographic 
examination to determine the structure of the metal under 
equilibrium solubility conditions. 

Results and discussion.—Solubility limits were determined 
for H in massive Zr, and Zr-O alloys from 700° to 1000°C 
at 50°C intervals, and at pressures of 0.1-4 » Hg. These 
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solubility data are given in Table II. For the iodide Zr 
H solubility was determined in the a-phase at 700°-800°C 
and in the B-phase at 850°C-1000°C. In both phases 
H solubility decreased with increasing temperature for a 
given pressure. This was also the case for the Zr-O alloys. 
For the Zr + 0.14 w/o oxygen alloy, the solubility was 
determined in the a-phase at 700°-800°C, and in the 
B-phase at 900°-1000°C. At 850°C the alloy had an a-6 
structure. The Zr + 0.43 w/o oxygen was investigated 
in the a range 700°-850°C. Above 850°C the alloy had an 
a-8 structure, and no reliable solubility measurements 
could be made. Even after this alloy had been heated for 
12 hr in an effort to reach equilibrium, results were very 
erratic. Metallographic examination of these specimens 
indicated that a §-to-a transformation was occurring 
during equilibration. Apparently very long times in this 
temperature range would be necessary to reach equilib- 
rium. 

All solubility data for iodide Zr and Zr-O alloys follow 
Sieverts’ Law, which states that the solubility of a diatomic 
gas in a metal is proportional to the square root of the 
gas pressure: S = k-p}. In this equation & is Sieverts’ 
constant with units of S/p!, S is H solubility in ppm 
H by weight, and p is pressure in microns of Hg. Fig. 
1 and 2 show H solubility plotted against pressure ac- 
cording to Sieverts’ Law, for a and B iodide Zr, respectively. 
All plots are drawn through the origin since there is no 
solubility at zero H pressure. Slopes of these lines are the 
Sieverts constants at the various temperatures. Similar 
plots (not shown) can be drawn for Zr-0.14 w/o oxygen 
and Zr-0.43 w/o oxygen alloys. 

For an exothermic solution of H in metals, solubility 
can be related to pressure and absolute temperature by 
the general equation, log S/p! = A/T + B, where S/p! 
is Sieverts’ constant, T is the absolute temperature, and 
A and B are constants. Plots of Sieverts’ constant against 
reciprocal temperature for iodide Zr and the Zr-O alloys 
are given in Fig. 3. It is seen that at a given temperature 
and pressure, H solubility in a-Zr increases with oxygen 
content. This is evident because the Sieverts’ constant, 
S/p) increases in a similar manner. Apparently, the 
oxygen in solution expands the a-Zr lattice to make more 
interstitial sites available for H. However, this is true 
only at low H pressures, since it has been shown (5, 14) 


TABLE ITI. Solubility of H in Zr and Zr-O alloys 


Pres- H solubility at temperature indicated, ppm 
Material sure, | 
Hg | 700°C 750°C | 800°C | 850°C | 900°C | 950°C | 100°C 
Iodide Zr |0.10| — | —|— |— | 5.0 — | — 
(0.03 w/o | 0.15 | — | — 6.1); — | — 
oxygen) | 0.50/ 13 | — | 10 |— | 13 |— | 12 
|— | a4 
4.0 40 | 32 | 27 | 38 | 34 |— | 33 
Zr + 0.14 0.50 16 12 | 10 | — ll 8.9| 6.7 
w/o oxy- | 1.5 26 | 21 | 17 | 21 18 16 12 
gen 4.0 | 42 | 31 | 29 | 33 | 31 | 24 |.20 
Zr + 0.43 | 0.50 | 18 13 9.3) 8.0— | — 
w/o oxy- | 1.5 | 30 | 22 | 18 14\— |— 
gen 4.0 | 4 | 36/30 | 24 |— |— 
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that terminal H solubility in the a-phase decreases with 
increasing oxygen content. Here the total number of 
interstitial sites available for H is decreased by the addi- 
tion of oxygen. 

Equations for the best straight lines through the points 
in Fig. 3 were determined by the method of least squares. 
Values of the constants A and B in the above equation 
are given in Table III. Heats of solution for H in Zr and 
Zr-O alloys are also given in Table III. It is seen that the 
heat of solution increases with increasing oxygen content. 
For each increase of 0.1 w/o in the oxygen content of 
a-Zr the heat of solution of H increases by about 500 
cal/g-atom. This indicates that there is some interaction 
between the oxygen and H atoms within the Zr lattice 
in the concentration range of this work. At higher con- 
centrations of both oxygen and H, Edwards and Levesque 
(11) found that the heat of solution did not change with 
oxygen concentration. 
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Fig. 2. Solubility of H in 8-iodide Zr (0.03 w/o oxygen) 
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Diffusion of H in Zr—Method.—The technique used to 
determine diffusion of H in Zr has been described in the 
literature (14, 15). Essentially, the method consists of 
analyzing a H concentration gradient produced in a Zr 
cylinder by reaction for a predetermined length of time, 
For this work, Zr cylinders about 4 in. in diameter and 
1} in. long were degassed in a vacuum for 20 hr at 900°C, 
After this treatment, the residual H content in the metal 
was 2-3 ppm H by weight. A degassed cylinder was then 
dry abraded with 240-grit SiC paper. After physical 
measurements of the specimen were taken, a beaded 
junction of a Pt-Pt 10% Rh thermocouple was spot welded 
to one end of the Zr cylinder. The cylinder was then placed 
in the reaction tube of a modified Sieverts apparatus and 
heated with a resistance-wound furnace at 800°C for 
1 hr in a vacuum of the order of 1 X 107° mm Hg. This 
heat treatment dissolved any superficial oxygen into the 
metal, leaving a clean active surface. The temperature 
was then lowered to the temperature of the run and main- 
tained within + 5°C of the desired value for the entire 
experiment. Pure H was then added to the reaction tube 
at about 4 atm of pressure. At this pressure a thin hydride 
film could be maintained on the surface. At higher pres- 
sures the rate of surface reaction was so rapid that a very 
thick hydride film was formed. 

A specimen was heated in H for a predetermined length 
of time to prepare a suitable H concentration gradient. 
At the end of the experiment the furnace was removed 
and the furnace tube containing the specimen was im- 
mediately quenched with a cold water bath, 

Lengths equal to the radius of the cylindrical specimen 
were cut from the ends and discarded. The rest of the 
sample was machined radially into layers of equal weight. 
These layers were then analyzed for their H content by 
the vacuum-fusion method. The outer layers containing 
the hydride film and 8-phase were thin enough to be 
ignored in calculations (14) of the rate of diffusion. Only 
the remaining inner layers, containing H that had diffused 
in the a-phase, were considered. Diffusion coefficients 
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TABLE 3. Summary of the constants in the equation log Sypm/(Punieron)* =A/T+B 
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a-Phase 8-Phase 
A B H, cal/g-atom A B H, cal/g-atom 
Gr — 0.14 w/o oxygen ................ ...| 1820 0.545 —8320 + 270 2960 | 1.33 | 13,540 + 480 
ir — 0.43 w/o oxygen ...................| 2170 | 0.858 —9920 + 90 | 
TABLE IV. Diffusion coefficients for H in a-Zr (gradient TEMPERATURE °C 


technique) 

Time | Temp, Co,* D X 108 
min | ppm cm?/sec 
75 305 86 | 
50 350 140 2.0 
35 410 27 3.7 
13 446 340 5.2 
10 486 530 6.9 
10 567 470 9.7 

6 


* Cy, terminal solubility. 


TABLE V. Degassing coefficients of H in a-Zr 


Temp, DX 106 
cm?/sec 
635 2.9 
690 7.4 
717 9.8 
745 10 
780 21 


were determined by the graphical method (14) using the 
average H concentrations of each layer, the average 
radii of the layers, and the time of diffusion. 

An alternative method based on degassing rates (16) 

was used to determine rates of diffusion in iodide Zr. 
The technique and apparatus were the same as those 
described previously (13). The rate of H evolution from 
i in. diameter Zr cylinders initially containing 46 ppm 
H by weight was measured. The diffusion (degassing) 
coefficient was calculated from the rates of evolution of 
H into a vacuum of 10~'-10~* mm Hg at various tempera- 
tures. : 
Results and discussion.—The diffusion of H in a-Zr was 
investigated in the range 305°-610°C by the gradient 
technique. The diffusion coefficients that were obtained 
are given in Table IV. Values of Co are also given. As 
defined previously (14), Co is the saturation concentration 
maintained at the surface of the a diffusion layer during 
preparation of the gradient. At higher temperatures, data 
were not obtained because of the rapidity of diffusion. 
The time needed to quench the specimen adequately 
was too long for preparation of a suitable diffusion gradient 
(which takes less than 5 min). At temperatures below 
300°C, prepared gradients showed erratic behavior and 
could not be fitted to the diffusion theory. 

Table V gives the degassing coefficients obtained in the 
range 635°-780°C. No data could be obtained at lower 
temperatures since very little or no H was evolved from a 
specimen. At higher temperatures, above 780°C, diffusion 
was too rapid to permit use of the degassing technique. 

Variation of the diffusion coefficient with temperature 
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Fic. 4. Temperature variation of diffusion and degassing 
coefficients for H in Zr. 


can be evaluated by the equation, D = Do exp (-Q/RT). 
Fig. 4 is a plot of logarithms of the diffusion coefficient 
against reciprocal temperature for the data obtained by 
the gradient technique. Results are compared with the 
coefficients reported by Schwartz and Mallett (1). 

Degassing coefficients are also plotted in Fig. 4. It is 
seen that the gradient and degassing data give separate 
curves having quite different slopes. This indicates that 
the two sets of data represent different rate-controlling 
processes. Although the experimental temperature ranges 
do not overlap, the metal is single-phase a-Zr throughout. 
Therefore, if the controlling processes were diffusion in 
the metal (true diffusion mechanism), both sets of data 
should have the same slope and form a continuous curve 
for all temperatures. 


12 13 4 6 16 7 
Fic. 5. Temperature variation of terminal solubility of 
AH in a@-Zr. 
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It is believed that the gradient method, which is based 
on direct analysis, gives the more nearly true diffusion 
coefficient. In the degassing technique, it is quite possible 
that surface effects are important in the determination of 
degassing rates. The rate of desorption of H from the 
metal surface may be the controlling process and not 
diffusion in the metal. Some such surface effect is evidenced 
by the fact that little or no H could be evolved from a 
Zr cylinder below 630°C at about 10-* mm Hg, while it 
is known that H can diffuse in the metal at lower tempera- 
tures, as shown by the gradient method. It is evident that 
one should be wary of considering degassing as a pure 
diffusion phenomenon. Studies of the diffusion of H in 
Fe summarized by Johnson and Hill (17) showed in that 
case the controlling step in degassing to be a function of 
diameter. Degassing of cylinders with diameters less than 
? in. was dependent on processes occurring at the surface, 
while for larger diameters the degassing rate was dependent 
on a true diffusion process. For the present work with 
Zr, the effect of specimen dimensions on the degassing 
rate was not determined. 

In Fig. 4, equations for the best straight lines through 
the various sets of points were determined by the method 
of least squares. The experimental energy of activation 
for diffusion in the range 305°-610°C is 7060 + 260 
eal/mole, and the diffusion coefficient in em?/sec is 7.00 
<x 10-* exp —7060/RT. This is in fair agreement with the 
5700 cal/mole calculated from the work of Schwartz and 
Mallett (1), whose studies were made with high-Hf Zr. 
The experimental energy of activation for the degassing 
of Zr in the range 635°-780°C is 22,000 + 3,000 cal/mole, 
and the degassing coefficient in cm?/sec is 0.59 exp 
—22,000/RT. 

Terminal solubility of H in a-Zr.—In previous studies 
(1, 14) it was pointed out that the terminal solubility 
(solubility limit) of H in a@-Zr is the concentration in the 
a-phase at the a-3 interface. Therefore, the calculated 
values of Cy obtained in the gradient study are the approxi- 
mate terminal solubilities of H in a-Zr. These values are 
given in Table IV and plotted along with data of other 
investigators in Fig. 5. At the lower temperatures (300°- 
500°C) there appears to be good agreement between the 
present work and that of Schwartz and Mallett, who also 
obtained solubilities from diffusion studies. Less close 
agreement was obtained with the data of Gulbransen and 
Andrew (6), who used Sieverts plots and _pressure- 
temperature plots to determine the terminal solubilities. 
Solubilities at the lower temperatures represent the bound- 
ary between a and a + ¥ phases in the Zr-H system (8). 

It is also seen in Fig. 5 that at higher temperatures 
(571° and 610°C) the solubility decreases with increasing 
temperature. These terminal solubilities represent the 
boundary between the a- and the a + 8-phases. However, 
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these limited data do not permit prediction of the tempera. 
ture of the isotherm where the a, 8, and y phases are in 
equilibrium. Vaughan and Bridge (8) show this tempera. 
ture to be 560° + 10°C. 

The best equation expressing variation of terminal 
solubility with temperature in the range 305°-486°C jis 


log Co (ppm Hy by weight) = —1880/T + 5.18 


The heat of solution for H in a-Zr obtained from this 
equation is 8600 + 200 cal/g-atom. This is in very good 
agreement with the 8616 cal/g-atom obtained by Gul- 
bransen and Andrew. 
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Mechanisms of Aqueous Corrosion of Aluminum at 100°C 


K. M. Cartsen! 


Joint Establishment for Nuclear Energy Research, Lillestrom, Norway 


ABSTRACT 


Various alloys of Al, as well as superpurity Al material, have been tested in aqueous 
solutions at 100°C. Samples have been polarized cathodically and anodically to study 
the effect of cathodic and anodic reactions, respectively, on the corrosion behavior. Re- 
sults are interpreted as showing that the alkalinity produced at the cathodes facilitates 
film breakdown in these places. Consequently, alloys containing cathodic constituents 
were attacked where these constituents were situated, while polycrystalline superpurity 
material was attacked in the grain boundaries. The influence of bulk pH and inhibitors 


is discussed in some detail. 


There is general agreement (1-3) that at higher tem- 
peratures the aqueous corrosion resistance of Al is smaller 
the greater the purity. Draley and Ruther (2) have drawn 
attention to the importance of providing cathodic sites, 
and in this way greatly clarified the difference in behavior 
between pure and impure material. 

As for the influence of the composition of the aqueous 
phase, it is known that additions of H,SO, and certain 
inhibitors produce beneficial effects, but it is not known 
for certain exactly how these additions influence corrosion 
behavior. However, it is clear that the idea of H.- as 
the chief offender is not sufficient to explain all the observa- 
tions satisfactorily. 

Thus, there seems to be a need for a closer study of the 
corrosion mechanisms of various grades of materials in 
liquids of varying compositions, and it was with this in 
mind that the present investigation was started. Since 
the difference between pure and impure material is very 
pronounced at 100°C (4), it was hoped that results ob- 
tained at this temperature could be used to predict the 
behavior at higher temperatures. 

There are obvious advantages in working at 100°C; 
no autoclaves are necessary, and corrosion reactions are so 
slow that they can be studied in detail by means of the 
microscope. 


EXPERIMENTAL 


The materials used were sheet of superpurity Al (99.99% 
purity, from British Aluminium, Ltd.) and Al alloys. 
Alloys were made from ingots of 99.99% purity Al (sup- 
plied by A/S Vigelands Brug), and high conductivity Cu, 
electrolytic Ni (99.98%), electrolytic Fe (British Drug 
House), and silicon powder (99.5% purity, from A/S 
Bjélvefossen), respectively. The alloys had the following 
compositions: 1.04% Ni, balance Al; 1.95% Cu, balance 
Al; 0.93% Fe, balance Al; 1.02% Si, balance Al, hereafter 
referred to as Al—1 % Ni, Al—2% Cu, Al—1% Fe, Al—-1% 
Si alloys, respectively. 

Alloys were cast in graphite moulds and rolled to a 
thickness of approximately 1 mm. All test samples were 
given an anneal at 450°C for 1 hr and allowed to cool in the 


1 Present address: Pigments Dept., E. I. du Pont de 
Nemours & Co., Wilmington, Del. 
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furnace, except in cases where cold-worked material was 
desired. 

Some single crystals of superpurity Al were kindly sup- 
plied by R.W.K. Honeycombe, University of Sheffield. 

All samples were carefully electropolished in a bath con- 
taining 100 ml perchloric acid (sp gr 1.54) and 900 ml 
ethyl alcohol. 

In tests at 100°C, samples were suspended in Pyrex 
flasks fitted with reflux condensers. In some cases the 
samples were externally polarized making them anode and 
cathode, respectively, by means of a d-c potential, keeping 
the current density constant during the experiment. 

After exposure, the samples were examined by means of 
a metallographic microscope. 


RESULTS 
Superpurity Metal 


On polycrystalline material immersed in distilled water 
at 100°C there develops during the first hours a pattern of 
spots, together with a delineation of grain boundaries. 
Fig. 1 and 2 show two samples during the first stages of 
development. After the pattern has formed, the matrix 
corrosion apparently slows down, while the attack on the 
grain boundaries continues (Fig. 3 and 4). After periods as 
long as 130 hr the grain boundary attack seems to fall off 
somewhat, while a blurring of the pattern suggests that the 
matrix has started corroding in a more uniform way. 

These observations at 100°C are in agreement with those 
of other workers obtained at higher temperatures, as far as 
the grain boundary attack is concerned. 

At temperatures as high as 230°C, single crystals of high- 
purity material are attacked very seriously, showing that 
grain boundary attack is not necessary for disintegration 
to occur. 

Some samples were deformed tosee if slip lines were pref- 
erentially attacked, but this was not found to be the case. 

When polycrystalline material is cathodically polarized 
at a current density of approximately 0.1 ma/cm?, grain 
boundaries are preferentially attacked as shown in Fig. 5. 
Besides a pattern of lines is found, nearly all of them join- 
ing each other at an angle of 90°. Because of this angular 
relationship, it is believed that they result from the relief 
of two-dimensional stresses. 
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Fic. 1. Superpurity sample 3 hr at 100°C in distilled 
H.O. 405x. 


Fig. 2. Superpurity sample 10 min at 100°C in distilled 
H.0. 


Fic. 3. Same sample as Fig. 1, but after 6844 hr at 100°C 
in distilled H,O. 405x. 


When a single crystal was polarized cathodically at a 
current density of 0.16 ma/cm?, much the same pattern of 
lines was found again. After 24 hr, a fairly thick layer of 
corrosion products had formed, but this layer was not 
adherent, and could be brushed off without difficulty. 
Fig. 6 shows the surface where part of the oxide layer has 
been removed, and part of it remains, showing up as dark 
bits. The layer is fragmented by lines very similar to the 
cracks found on ceramic objects. A notable feature was 
that the attack on the cathode was orientation dependent, 
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Fic. 4. Same sample as Fig. 2, but after 4844 hr at 100°C 
in distilled H.O. 765x. 


Fic. 5. Superpurity material, cathode for 48 hr at 100°C 
in distilled H,O. 135x. 


Fic. 6. Single-crystal superpurity material cathodically 
polarized in H.O at 100°C. 135x. 


being stronger on two of the crystal faces than on the re- 
maining two faces (the single crystal was in shape of a 
square rod). 

Polycrystals and single crystals show identical behavior 
when anodically polarized at 0.16 ma/em?; in both cases 
pits, or rather heaps of oxide covering the pits, develop 
(Fig. 7). With time the number of pits increases somewhat; 
they also grow in size. Although the corrosion products ob- 
viously do not protect completely the underlying metal, 
as shown by the continued growth of the heaps, there is 
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Fic. 7. Superpurity material, anode for 6 hr at 100°C 
in distilled H,O. 285x. 


some adherence to the metal, and they cannot be brushed 
off in the same way as are the cathodic corrosion products. 


Alloy Materials 


Rolled alloys with Ni and Fe additions show similar 
microstructures, viz., eutectics of NiAl; and FeAl, 
respectively, with Al, embedded in a matrix of pure 
Al. The structure of an uncorroded Al-1% Ni sample is 
shown in Fig. 8. When such alloys are exposed to water at 
100°C, the material in the eutectics is preferentially 
attacked both on cold worked and annealed specimens and 
the matrix is only very slightly attacked, as shown in Fig. 
9. At 230°C, the eutectic regions are again attacked, but 
the matrix also starts to corrode in a more general manner; 
indeed, on some specimens the matrix seems to have suf- 
fered more attack than the eutectic regions. When Al-1% 
Ni samples were made cathodes at 0.1 ma/em? they were 
severely attacked in the eutectic regions and anodic 
samples developed pittings. 

The Al-Cu alloys show a microstructure different from 
that of Al-Ni and Al-Fe alloys. In the water-quenched 
condition no second phases can be seen; correspondingly, 
the attack on quenched specimen is fairly uniform to start 
with. At 100°C, the attack in the initial stages gives rise to 
beautiful interference colors when viewed in the micro- 
scope. After some time pits develop. These pits are not 
covered with corrosion products, nor does it seem that the 
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Fic. 8. Al-1% Ni-alloy, uncorroded. 285x 
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Fic. 10. Al-2% Cu-alloy (water-quenched) 45'5 hr at 
100°C in 285x. 


corrosion products have collected around the pits. Fig. 
10 shows some big pits and numerous small ones. By using 
oblique light in the microscope one gets a very clear 
impression of the shape of the pits; unfortunately, it is 
difficult to get good photomicrographs with this type of 
illumination. 

On specimens which had been furnace cooled (and con- 
sequently were overaged), pits developed very quickly. In 
addition an etching effect as shown in Fig. 11 was found, 


Fig. 11. Al-2% Cu-alloy (furnace-cooled) 21 hr at 
100°C in 765x. 
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Pg In one case larger pits are observed, namely, after fairly 
> long exposures of solution-treated and water-quenched 
specimens. Fig. 13 shows these pits, which are found on the 
= grain boundaries and give an impression of grain bound- 
; ary attack when viewed with the unaided eye. In some way 
. : these pits may be tied up with precipitation of Si in the 
< grain boundaries. The structure of aged samples shows 
ae precipitate in the grain boundaries, with a denuded zone 
ase running along the boundaries. 
“sil When solution-treated and water-quenched specimens 
=. are cathodically polarized at a current density of approx- 


Fic. 12. 
H.O. 285X. 


Same sample as Fig. 10, 4549 hr at 100°C in 


where some regions were much more attacked than the 
neighboring matrix. 

One might think that the development of pits was 
cathodically stimulated, because of precipitates acting as 
cathodes; this would serve to some extent as an explana- 
tion of the absence of corrosion products. Results on ex- 
ternally polarized specimens might seem to confirm this 
view. On the cathodic sample, the same type of pits are 
found as on unpolarized samples. Admittedly, such pits are 
also found on the anodically polarized sample, but here one 
finds in addition large pits covered with corrosion products, 
of the same shape as the pits found on anodic samples of 
pure material. 

Fig. 12 shows a ring-like type of attack very frequently 
found on Al-Cu alloy samples (and occasionally on cast 
AI-Ni alloys). Sometimes the rings are not full, having the 
shape of a crescent. 

At temperatures higher than 200°C, there is consider- 
able aggregation of corrosion products on the surface, 
making it difficult to obtain a clear idea of the structural 
details of the attack. 

When rolled Al-1% Si alloy samples are tested in over- 
aged condition, the attack appears to be concentrated in 
the regions around the Si particles, although attack is also 
found elsewhere. The attack is probably of a type giving 
rise to very small pits, which at low magnifications gives 
the impression of a more or less general attack. 


Fig. 13. Al-1% Si-alloy, 69 hr in HO at 100°C. 285x 


imately 0.16 ma/em?*, the same type of intergranular 
attack is found as is observed on superpurity material. 
When furnace-cooled specimens are used the cathodic grain 
boundary attack is not so pronounced; instead, the matrix 
in the grains suffers corrosion. 

Anodically polarized samples develop pits covered with 
corrosion products in the same manner as found for all the 
other materials. 


Effect of Liquid Composition 


As stated earlier, superpurity material suffers inter- 
granular attack in distilled water at 100°C. When the pH 
is lowered to 4 by addition of H.SO,, this intergranular 
attack is suppressed to a great extent, while the matrix 
corrosion within the grains probably increases somewhat. 
Fig. 14 shows that the grains are attacked at different rates. 

At pH 3, beautiful interference colors are produced in 
the grains, and grain boundary attack is slight. 

At pH 2, there is considerable attack both in grain 
boundaries and in the grains. However, the grain bound- 
ary attack is of a type different from that met with in 
neutral water. Fig. 15 and 16 serve to emphasize the dif- 
ference between the two types of grain boundary attack. 
It is believed that in the case of neutral water cathodic 
properties are responsible for the attack; anodic properties 
are responsible in the acid case. 

Polarization experiments were carried out at various 
pH’s and at a current density of 0.16 ma/em*. At pH 4, 
results on both cathodes and anodes are similar to results 
in distilled water, although the grain boundary attack on 
the cathode is less severe than in distilled water. At pH 
3, the cathodic attack has not changed much, but on the 


Fic. 14. Superpurity material, 48 hr at 100°C in H.SO, 
solution with pH 4. 285x. 
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Fic. 15. Superpurity material 138 hr in HO at 100°C. 
765X . 


Fic. 16. Superpurity material 7 hr at 100°C in HCl 
solution with pH 2. 764X. 


anode there are no longer pit-like breakdowns; instead 
interference colors can be seen in the microscope. At pH 
2, there is general attack on both cathode and anode; no 
differences between the electrodes can be detected. 

In NaOH solution (pH 10.7) the cathode is attacked 
apparently much more than the anode. When polarization 
experiments were carried out in 0.1% NaCl solution and in 
1% NaSO, solution, respectively, grain boundary attack 
was observed on the cathodes, but to a smaller extent than 
in distilled water. On the anode in the sulfate-solution 
there was no breakdown of the type usually found on the 
anodes. 

As reported elsewhere (3), it has been found that a 
0.5% K.Cr.0; + 0.5% sodium silicate solution is a good 
inhibitor. Polarization experiments in this solution show 
quite strong general matrix attack on the cathode, but no 
attack whatsoever could be detected on the anode. Fig. 
17 shows the cathode after 4 hr at 100°C; it is evident that 
the grains corrode at different rates. Microscopical ex- 
amination at earlier stages show that attack starts in the 
form of numerous pits. 

The same features are found in 1% K,Cr.Q; solution, 
strongly indicating that the effects are due to the chromate. 

Still another interesting effect was found in these solu- 
tions. As stated above, anodes from the solutions showed 
no attack, but when these anodes were exposed subse- 
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Fig. 17. Superpurity material, cathode for 4 hr in 0.5% 
K.Cr.0;-0.5% sodium silicate solution. 285xX . 


quently to boiling distilled water, strong general matrix 
attack similar to the cathodic attack was found, much 
stronger than and different from that found on samples 
which had not been treated anodically in advance. 

When 1% K-Cr.Q; solution is made acidic (pH 2.4) by 
adding H.SO,, both anodes and cathodes suffered very 
little attack. However, when the chromate solution is made 
alkaline (pH 10.5) by adding NaOH, the cathode suffers 
strong grain boundary attack, while the anode suffers 
general attack. 

Results from experiments in a solution of CrO; (pH 
1.1) were very similar to those from the acid K.Cr.0, 
solution. 

Experiments in 1% sodium silicate solution with pH 
10.8 show that the anode is protected to some extent by 
the silicate addition. Some parts of the anode were vir- 
tually unattacked after 20 hr at 100°C at a current density 
of 0.1 ma/cem?. It is not quite certain that an attack on the 
cathode is similarly reduced; it is probably correct to say 
that the general rate of attack on the cathode is reduced, 
while the grain boundary attack is still very pronounced. 


DiscussION 
Role of Film Breakdown 


Since it has been found that O, plays no significant role 
in high temperature corrosion, and since it has been re- 
ported from various sources (1, 2) that the corrosion 
product at high temperature is boohmite, the reaction can 
be written as 

Al + 2H,O — AIO-OH + $ H;, 
with the corresponding anodic and cathodic reactions 
Al + 2H,O — AlO-OH + 3H* + 3¢ and 
3H* + 3e — 3H, 

The experimental results quoted in the previous section 
nearly all have one thing in common; the attack is never 
uniformly and homogeneously distributed over the surface 
on a microscopical scale, nor, in most cases, on a macro- 
scopical scale. Thus, in places where the attack is ap- 


preciable, corrosion has proceeded in some other way than 
by the continuous building up of a film. Let this attack be 
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called film breakdown, indicating that in some way or 
another the ordinary film growth has been interrupted. 

In the previous section it was found that the film break- 
down on cathodic samples differed from that on anodic 
ones. Let these phenomena be called cathodically stimu- 
lated breakdown and anodically stimulated breakdown, 
respectively. 

Anodically stimulated breakdown.—The microscopical 
appearance is ~ ally as seen in Fig. 7. On superpurity 
material it seer. ‘o have no relation to the grain bound- 
aries, and experiments on single crystals indicate that 
crystal orientation does not have any effect on the oc- 
currence of the breakdown. In the alloys containing Ni, 
Cu, or Fe, the breakdown seems to lie near the cathodic 
constituents, but this cannot be the only reason for break- 
down, since the regions around the cathodic constituents 
are always attacked somewhat, without the attack de- 
veloping into the large type of breakdown as exemplified 
by Fig. 7. 

To some extent, the anodically stimulated breakdown 
can be looked on as caused by the inability of the solution 
to deliver ions for the building up of a protective oxide 
layer. In neutral solutions of tartaric and boric acid and in 
chromate solutions, such breakdowns are not observed, 
apparently because of the ability of these solutions to 
provide O— ions for the formation of Al,O; films, an ex- 
planation suggested by Huddle (5). 

It is felt that pit formation cannot be explained satis- 
factorily without assuming that some autocatalytic process 
is involved. Edeleanu and Evans (10) and Huddle (5) 
point out that local acidity may be produced at the anode, 
and this acidity may, indeed, be the autocatalytic effect 
responsible for the pit formation. 

Cathodically stimulated breakdown.—This type of attack 
occurs on samples which have been polarized cathodically 
in neutral solutions. On superpurity material it manifests 
itself as grain boundary attack, on Al alloys containing 
cathodic constituents as attack around these constituents, 
and as general attack on single crystals. 

Having thus established that the attack is concentrated 
around the cathodes, one may look for an explanation of 
this behavior. One such explanation has been furnished by 
Draley and Ruther (2), who assume that the H produced 
is responsible for the stimulation of attack. A second ex- 
planation is that the increased OH~ concentration re- 
sulting from the removal of protons is the responsible 
factor, as suggested by a number of investigators, e.g., 
Groot (11). 

It is believed that (a) the cathodic attack on single 
crystals, (6) the shape of attacked grain boundaries in 
polycrystalline pure material, (c) the fact that cathodic 
attack is reduced by lowering the pH, and (d) the attack 
around the cathodic constituents in Al alloys, all point 
away from H as the main factor in causing the cathodically 
stimulated attack observed in these experiments. 

It is assumed, therefore, that the factor responsible for 
the attack is the increased concentration of OH in the 
immediate vicinity of the cathodes. The detrimental effect 
of OH™ ions on the corrosion of Al is well known, and ex- 
periments show that deviations from, neutrality on the 
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alkaline side are far more serious for the corrosion re- 
sistance than deviations on the acid side. 

When protons are removed at the cathode, more water 
molecules dissociate to keep the ionic product constant, 
resulting in a more alkaline solution. At the same time, 
there will be an excess of negatively charged ions in the 
liquid next to the cathode, and the field set up by these 
ions will attract positively charged ions from the rest of the 
liquid. It is seen that a stationary state is reached, with a 
field in the liquid just strong enough to produce a current 
of positive ions toward the cathode, equivalent to the re- 
moval of protons at the cathode. Everything being equal, 
it is expected that the higher the purity of the water, and, 
correspondingly, the lower the conductivity, the stronger 
will be the field needed to force the necessary number of 
positive ions toward the cathode. Since the field is set up by 
OH ions, this means that the higher the purity of the 
water, the higher the local OH~ concentration to be ex- 
pected. This may explain in part the aggressiveness of 
distilled water relative to pure Al. 

Disintegration of superpurity material.—As seen from the 
micrographs, there is great similarity between corrosion of 
unpolarized specimens and attack on cathodically polar- 
ized samples. No such similarity exists between the be- 
havior of unpolarized and anodically polarized specimens. 
For this and other reasons, it is justifiable to assume that 
the rapid corrosion of superpurity material in high temper- 
ature water is due to cathodically stimulated attack. 

In polycrystalline material, the disintegration starts at 
the grain boundaries which, as pointed out earlier, are 
sites for the cathodic reaction. As the attack penetrates 
into the metal in a notch-like fashion, the tip of the notch 
will be the cathode, producing alkalinity where it is most 
dangerous. Corrosion products have greater volume than 
the metal from which they are formed, and tend to break 
up the metal, as evidenced by the deformation of the metal 
along the grain boundaries, seen on the photographs. It is 
not known whether the primary factor in the penetration 
of attack is the action of OH™ ions at the tip of the notch 
or the expansive action of the corrosion products. The fact 
that single crystals also disintegrate would seem to be in 
favor of the first hypothesis. 

Lavigne (7) has pointed out that there is some re- 
semblance between grain boundary attack on superpurity 
material in acid and in distilled water. In the author's 
opinion this resemblance is purely superficial. In acid, the 
grain boundaries are very evenly attacked, the metal dis- 
solving away to yield a smooth, possibly U-shaped groove, 
the reason for attack probably lying in the smaller anodic 
polarization of the boundaries as compared to the matrix. 
In distilled water, on the other hand, the metal is broken 
up by the corrosion products, and the relevant factors in 
this case are thought to be the cathodic properties of the 
grain boundaries, as discussed above. 


Effect of Bulk pH 


As is well known, Al hydrates are soluble both in acid and 
alkaline solutions. The mechanisms of the solution of Al 
hydrate in acid cannot be said to be understood fully, and 
the concept of a solubility product of Al(OH); will un- 
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doubtedly be found unsatisfactory as a description of the 
phenomena taking place. However, since little is known 
about the matter, the solubility product is used as a start- 
ing point for this discussion. 

Assuming ideal conditions, the concentration of OH~ 
enters the product in 3rd power, thus showing that small 
decreases in OH™ concentration appreciably increase the 
concentration of Al++*. Also, the solubility in acid is not 
due to the presence of H;O* but to the absence of OH-. 
Thus, if one could conceive of an acid with a low pH, but 
in which the pOH could be kept at 7, a protective layer of 
Al hydrate should be formed, which would prevent cor- 
rosion. Such an acid is impossible of course, but when an 
acid solution is heated to higher temperatures, the result 
is in fact somewhat similar to this unrealistic acid. The 
pH remains practically constant, if the acid is a strongly 
dissociating one, while the pOH decreases with increasing 
temperature. Consequently for Al, an acid should be less 
dangerous from a corrosion point of view the higher the 
temperature, provided the solubility product of Al(OH); 
remained constant as a function of temperature. 

For solutions on the alkaline side, there would be no cor- 
responding effect, except perhaps for solutions very close 
to neutrality. 

In distilled water, the pOH decreases markedly with 
temperature, and this may bring about serious corrosion, 
since it is known from low temperature work that devi- 
ations from pH 7 on the alkaline side is much more dan- 
gerous than deviations on the acid side. The reason for this 
behavior is not quite clear. Apparently it is connected with 
the greater rate of dissolution of the hydroxide in alkalies 
than in acids: in other words, it is more a question of dis- 
solution kinetics than of equilibrium solubilities. 

Thus, with increasing temperature of exposure the range 
in which the Al hydrate is able to protect the metal is 
displaced toward more acid solutions. It has been found by 
Draley and Ruther (8) that the pH of minimum corrosion 
is displaced toward lower values as the temperature is 
increased. 

Apart from the effect of increasing OH~ concentration 
as a function of temperature, it is possible that a low pH 
is desirable also for another reason, viz., because of the 
alkalinity produced in the cathodic reaction. Indeed, 
there is evidence that even at temperatures as low as 100°C, 
a low pH arrests the damaging intergranular attack on 
superpurity metal met with in distilled water. Although the 
general rate of corrosion may be greater when the solution 
is made acidic, the total damage may nevertheless be 
smaller because of its more uniform nature. It appears, for 
instance, that superpurity metal suffers less dangerous 
attack in HC] with pH 2 at 100°C than in distilled water. 

There is strong evidence that the anion of the acid plays 
an important role in corrosion, for instance if the anion can 
act as a carrier for O-~ ions, as suggested by Huddle (5), 
but it is also to be expected that the anion influences 
corrosion by determining the nucleation conditions near 
the surface. 


Effect of Inhibitors 


The compounds which inhibit corrosion are to some 
extent those which can be used for building up anodically 
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oxide films on Al. The action of such anions as SO; ~ or 
CrO;~ may very well be tied up with their ability to 
donate O~— ions to the oxide lattice, as suggested by 
Huddle (5). 

It is found that chromate additions do not protect an- 
nealed superpurity Al at 230°C, and it is also found that, 
when Al is made cathodic in chromate solutions at 100°C, 
the metal is attacked. These facts seem to suggest that 
when chromate is present where the cathodic reaction takes 
place on the Al surface, no protection, in fact the opposite 
action, is found. Possibly this is connected with the dif- 
ference in potential needed to liberate H from Al and 
cathodic impurities, respectively; when no cathodie im- 
purities are present, the potential may be negative enough 
to reduce hexavalent Cr to trivalent, producing alkalinity 
as a result of liberation of fourO~~ ions. (The green color 
found on superpurity specimens which had disintegrated in 
chromate solutions indeed points to the presence of 
trivalent Cr.) This would mean then that, in order to act 
in a protective way, there must be present sufficient 
amounts of cathodic impurities with a low H overpotential 
to give a compromise potential which is relatively positive. 

When the chromate solution is made acid, there is no 
attack on samples made cathodic by external polarization, 
indicating that OH-~ ions produced may indeed be the 
factor responsible for the breakdown. It is not clear 
whether Cr ions as such are incorporated in the protective 
layer. In any case, the experiments mentioned above where 
chromate treated samples were found to corrode faster than 
nontreated samples would indicate that the chromate plays 
a more active role than merely being an oxygen donator. 

Silicate as an inhibitor presumably acts in a way dif- 
ferent from chromate. Work is being carried out at present 
to clarify the matter, and the results hitherto obtained 
suggest that SiO, is incorporated in the surface layer (9). 


Effect of Alloying Additions 


In the light both of the observations described above on 
the effect of cathodic polarization on corrosion of super- 
purity Al, and of the reported success of Al-Fe, Al-Ni, and 
Al-Cu alloys, there seems to be no doubt that these alloy- 
ing elements protect the metal by providing sites for the 
cathodic reaction. 

Silicon can to some extent increase the corrosion re- 
sistance of superpurity metal toward water. Most prob- 
ably it does not act as a cathodic impurity, but its effect 
on corrosion cannot be said to be understood. 
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Rates of Oxidation of Germanium 


J. T. Law anv P. S. MErGs 


Bell Telephone Laboratories, Murray Hill, New Jersey 


ABSTRACT 


Oxidation rates of the (110), (111), and (100) faces of a Ge crystal have been measured 
between 450° and 700°C and at various oxygen pressures. For all three faces, oxidation 
rates were inversely dependent on oxygen pressure at and above 550°C, and no differences 
in behavior between faces were observed. At 500°C only the (110) face oxidized appre- 
ciably. A theory has been developed to explain the effect of oxygen pressure on the oxida- 
tion rate and calculated values found to be in fair agreement with experiment. 


Recent measurements of the electrical properties of a 
Ge surface (1) have shown that the thickness of the oxide 
film present has a marked effect on the magnitude of these 
quantities. Therefore, it would be of interest to be able to 
change the film thickness in a controlled way. One way of 
doing this is to preoxidize at some elevated temperature. 

The only previous measurements on the high tempera- 
ture oxidation of Ge were reported by Bernstein and 
Cubicciotti (2) who investigated an abraded surface be- 
tween 575° and 700°C. As the roughness factor for this 
type of surface is uncertain it seemed worthwhile to repeat 
the work using definite crystal faces of known area. 

Here oxidation rates from 450° to 700°C on the (100), 
(110), and (111) faces were measured as a function of 
oxygen pressure. 


EXPERIMENTAL 


The two principal means of following oxidation rates 
are (a) pressure change in a closed system, and (b) weight 
change of the sample as determined with a microbalance. 
Since any loss of Ge due to evaporation of GeO would 
make weight measurements very difficult to interpret, the 
former was used. 

A modified form of Campbell and Thomas’s apparatus 
(3) was used. It is essentially a constant volume dif- 
ferential pressure system with the two halves connected 
through an oil manometer. The silica bulbs containing the 
sample and the blank were placed in a furnace whose 
temperature was controlled by a potentiometer controller. 
As a check, the temperature was recorded on a millivolt- 
meter and found to be constant within +2°C at all 


temperature settings. To prevent thermal fluctuations the 
two halves of the system were wrapped together with 
asbestos tape. 

After location of the desired crystal face, slices 5.5 x 
0.8 x 0.15 em were cut and a small hole drilled near one 
end. These were then polished and etched in a mixture of 
equal volumes of HNO; and HF after which they were 
attached to a Pt wire winding device so that they could be 
lowered in vacuum into the furnace and degassed. The 
oxygen was prepared from KMnQ, and purified by passage 
through a dry ice-acetone bath. After each run the sample 
was removed, lightly abraded with 600 mesh carborundum 
powder, and re-etched. 

If the volumes of the various parts of the system are 
known, it is possible to calculate from the change in 
pressure how many oxygen molecules have been removed 
from the gas phase. Assuming a linear temperature gradi- 
ent between the furnace and the system, no thermo- 
molecular flow, and ignoring virial coefficients, equation 
(I) is obtained. 


AP (Vi Ve, Vr _ 
3h 


where P, is the final pressure in the system in mm Hg, 
AP is the change in pressure in mm Hg, Al is the change in 
pressure in mm of oil, 7, is furnace temperature, 7; is the 
temperature of the remainder of the system, V, is the 
volume at temperature 7) , i.e., all the system outside the 
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furnace and temperature gradient, V; is the volume in the 
temperature gradient, V; is the volume in the furnace, 
V, is the volume/mm of the manometer tubing, and 
An is the number of oxygen molecules removed from the 
gas phase. 

All the data were calculated by means of this equation. 
To obtain An in terms of molecules/em? it is necessary to 
assume a roughness factor. Previous work (4) on the ad- 
sorption of gases on Ge gave a roughness factor of 1.3 + 
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Fic. 1. Rates of oxidation at 500°C of the (110) face of 
Ge at various oxygen pressures. The points are experi- 
mental and the curves calculated from Eq. [24]. 
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Fic. 2. Experimental rates of oxidation at 550°C of Ge 
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0.1 for a CP-4 etched surface which was found to be 
identical with ones prepared by the present technique; this 
value has been used in the present work. The size of the 
sample was measured immediately after each run. 


REsULTS 


No measurable uptake of oxygen was observed during 
2 hr at 450°C for oxygen pressures between 5 and 350 mm. 
This does not imply that a clean Ge surface will not take 
up oxygen at 450°C. The surface under discussion, by its 
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Fic. 3. Experimental rates of oxidation at 600°C. Num- 
bers indicate the oxygen pressure in mm Hg. 
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method of preparation, was almost certainly covered by 
one or more layers of oxygen before any measurements 
could be made. 

Measured rates of oxidation of the (110) face at 500- 
700°C are shown in Fig. 1-5. The number of oxygen 
molecules removed from the gas phase is plotted as a fune- 
tion of time (in minutes) with the oxygen pressure as 
parameter. At and above 550°C the measured rates were 
found to be identical for the three faces studied. This is 
shown in Fig. 6 where the slopes of the rate curves at 
550°C for the various faces are plotted as a function of 
oxygen pressure. A single curve describes the results 
adequately. At 500°C oxidation oecurred only on the (110) 
plane. 

In Fig. 2 through 5 smooth curves are used to represent 
the experimental data. The maximum deviation of the 
experimentally determined points from these curves was 
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Fia. 5. Experimental rates of oxidation of Ge at 700°C. 
Numbers indicate the total oxygen pressure. 
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1%. The reproducibility of duplicate runs at a given 
temperature and pressure was also within 1%. 

The most interesting feature of the results is the strong 
inverse dependence of oxidation rate on oxygen pressure at 
550°C and above. For most metals, oxidation rates at 
oxygen pressures above 1 mm are either independent of 
pressure or increase with increasing pressure. This effect 
was found only with Ge at 500°C as shown in Fig. 1. This 
was also the only temperature at which the oxidation rate 
was dependent on crystal orientation. 


DiscussION 


Oxidation rates from 550° to 700°C showed no de- 
pendence on crystal orientation and were inversely pro- 
portional to the oxygen pressure. The main difference be- 
tween Ge and other metals for which oxidation rates have 
been measured lies in the existence of a volatile Ge mon- 
oxide. Although this material may be unstable in the solid 
form at all temperatures, there is strong evidence for its 
existence in the gas phase. The vapor pressure of GeO over 
mixtures of Ge and GeO, corresponding to the reaction 


Ge + GeO. = 2 GeO(g) 


is available (5, 6). At temperatures above 550°C the vapor 
pressure is at least 10-’ mm Hg so that transport of this 
material through the gas phase could have a marked effect 
on the measured rates of oxidation. At the oxygen pressures 
used, transport through the gas is by diffusion so that one 
can explain the increase of oxidation rate as the pressure is 
lowered as being due to the increase in the interdiffusion 
coefficient. If this is true and a mixture of oxygen and an 
inert gas is used, the oxidation rate measured will be de- 
pendent on the total pressure and not on the partial 
pressure of oxygen. Mixtures of oxygen and nitrogen were 
used at 550°C and it was found that the rate is indeed 
determined by the total pressure. From these experiments 
one has confidence in proposing an evaporation mechanism 
to explain the 1/p dependence of oxidation rate. 

An evaporation process of this type would obviously 
cause the Ge specimen to lose weight. Such a loss in weight 
was reported by Bernstein and Cubicciotti (2), and both 
these workers and the authors have observed the forma- 
tion of a deposit on the walls of the tubing above the 
specimen after an oxidation run. 

Consider the possible reactions 


Ge; Ge’ (1) 
Ge’ + 0; — GeO,’ (II) 
Ge’ + GeO.’ — 2Ge0" (I) 
GeO” GeO (IV) 
+ O2 > (Vv) 


where the superscript o refers to material at the solid-gas 
interface and the subscript 7 to material at the Ge-GeO, 
interface. 

An equation for formation of GeO’ from Ge’ and oxygen 
at the surface could be included, but this only complicates 
matters without changing the form of the rate equation. 
Reaction (III) could also occur at the Ge-GeO, interface, 
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but any GeO produced there would have to reach the 
solid-gas interface before it could evaporate and be de- 
tected by the authors’ measurements. Since the diffusion 
of a GeO species through the GeO, layer is unlikely, only 
(III) is considered as a source of GeO at the solid-gas 
interface. 

Let c, be the concentration of Ge’ in molecules em~?, 
¢ be the concentration of GeO’ in molecules em~, and a 
be the number of molecular layers of GeO.’. Then assum- 
ing that the rate of arrival of Ge at the surface is dif- 
fusion controlled, 

dy K 


— kee p™ — [2] 


or at the steady state 
K 
— = kee p™ + [3] 
a 
The rate of growth of the GeO, film is given by 
da 
dt Dp ] 


From Eqs. [3] and [4] ¢; can be determined and therefore so 
can the rate of formation of GeO.’ by reaction: (II). The 
latter is equal to kyc;p” or 


koe, = p™)? — pe [5] 


Hence, Eq. [5] also describes the rate of oxygen removal 
by the formation of GeO,.’; but, oxygen is also removed 
by reaction (V) so that the total rate of removal is given 
by 

dn dey 


at + 1/2 at (6) 


the second term accounts for oxygen removal via reaction 
(V). It is assumed that the rate of this reaction is governed 
by the rate of arrival of GeO,,) and since two molecules of 
GeO are required for the removal of one oxygen molecule 
the rate is given by 4 dc./dt. GeO” evaporates at a rate 


(7) 
where y’ includes the concentration gradient and _pres- 


sure independent part of the interdiffusion coefficient or 
taking into account the limit for vacuum evaporation 


[8] 


Eqs. [7] and [8] assume the evaporation process is dif- 
fusion controlled. The inverse dependence on pressure 
arises from the variation of the diffusion constant D with 
pressure. It was also assumed that the equilibrium vapor 
pressure of GeO is always attained at the surface so that 
the evaporation rate is independent of c. . If this assump- 
tion is not made, the final equation gives a rate that is 
independent of oxygen pressure, for as the pressure is 
increased, D decreases, but the concentration gradient 
increases and the product is nearly constant. 
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Adding the two terms for removal of oxygen from the 
gas phase 


dn K (ke p™)? 4 


” 


where y” = y’/2 (because 2 molecules of GeO are oxidized 
by one molecule of oxygen). 


Let 
K(ke p™)? 1/2 
= B 
- 
Then 
An = 2Bt + {11} 


The assumption that the rate of evaporation of GeO” 
is independent of the concentration breaks down when c» 
becomes very small. It must go to zero when c. = 0. 
This is accounted for by including an extra term for the 
variation of the second term in [11] with cz when c: is very 
small. Let c:’ be the value of c. below which the equilibrium 
vapor pressure is no longer maintained. Then 


” 
An = 2B + (i [12] 


When c2 > ¢2' the term in the final brackets equals unity 
and the vapor pressure is constant; below this value of ¢. 
the term decreases to zero with ce . 

This equation has the correct form to explain the ex- 
perimental results. If the second term predominates with 
C2 > c’, a linear rate is obtained. If the first term is im- 
portant, a parabolic or sum of parabolic and linear rates is 
obtained. With very thick GeO,’ films both terms should 
approach zero and a protective film should be formed. In 
Eq. [12] the first term describes the formation of an oxide 
film on the surface (parabolic), while the second refers to 
the oxidation of GeO which has evaporated to the walls of 
the apparatus. 

It now remains to fit this equation to the experimental 
data and see if the values of the constants required are 
reasonable, 

The values of the constants in the term for evaporation 
can be calculated. Following the treatment of Fuchs (7), 
suppose that the concentration of vapor at a distance A 
from the surface is c* and that the equilibrium concentra- 
tion at the surface is co molecules cm~*. 

If the accommodation coefficient is A, the rate of 
evaporation into a vacuum is molecules 
sec~!, where T = (k7'/24M)'/2, k is Boltzman’s constant, 
and M the mass of the evaporating GeO molecule. Hence 
the rate at which molecules arrive at the plane, distant 
A from the surface is [A (co — c*). This may be equated 
to the rate at which molecules leave by diffusion or 


* 
= -D— [13] 


Assume a linear concentration gradient 


e=Ur+W {14] 
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TABLE I. Calculated quantities for the diffusion of GeO 
through oxygen 


r col” rL D 


773 | 4.0 K 10-* (1.08 K 10* 5.3 K 10'* 5.4 X 10° 0.68 
823 | 3.2 10-* |1.12 10¢ 4.1 10” 5.6 X 10° 0.76 
873 | 2.0 X 10°? 11.15 10¢ (2.5 10 5.75 x 10° 0.84 
923 | 1.3 X 11.18 K 10* 1.6 K 10" xX 10% 0.92 
973 | 6.3 K 1.22 K 10* |7 


But at the wall, i.e., distant L from the surface, ¢ = 0. 
Therefore 


UL + W =0 {15] 
Then 


X(co — c*) = [16] 


Assume that the accommodation coefficient is unity and 
substitute for c* 


U - 4 {17] 


The rate of evaporation is equal to —DU so on sub- 
stituting for U 


des —Do 
L-a+2 lis) 
Let 
D-= Do x 760 
Pp 
Then 
dt (L—A) TLp [19] 
D700 


assuming that A, the mean free path of the molecule, is 
small compared to the distance to the wall at all the 
pressures investigated. As p > 5 mm Hg this is a good 
approximation. Hence comparing coefficients of [8] and 
[19] 


=o) [20] 
and 
rh 
8 = Do 760 [21] 


All the quantities in Eq. [19] can be calculated or estimated 
so that the rates of evaporation of GeO” may be obtained 
and therefore the rates of uptake of oxygen due to its 
subsequent oxidation. 

No data are available in the literature for the dif- 
fusion constant of GeO in oxygen. However, it is approx- 
imately true that D = K/M", where M is the mass of the 
diffusing species. Using data for the diffusion of H,, 
CO, , and O, in oxygen K was found to be unity, and D 
for GeO equal to 0.106 at 273°K and 760 mm. On the basis 
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of a simple theory D should vary as T*?, but Lonius (8) 
has found that the exponent is nearer 1.75. Using D = 
Dy (T /273)'-"(760/p) the values of D at 760 mm and 
various temperatures have been calculated and listed jn 
Table I. The average velocity (1) of GeO molecules leay- 
ing the surface was obtained from T = (k7'/24rM)"? and 
the product from 

M 


col = 3.95 10” (F 


1/2 
) molecules em~* sec™! [22] 


where Pm is the vapor pressure of GeO. 

The value of the vapor pressure of GeO over a mixture of 
GeO, and Ge is not well established but the data of Jolly 
and Latimer (6) have been used in the present calculations, 
Inaccuracies in the vapor pressure data make the cal- 
culated values of the oxidation rate equally uncertain, 
but give values correct at least within an order of mag- 
nitude. In the derivation of Eq. [19], the accommodation 
coefficient \ was assumed to be unity. If it is included in 
the final equation 


dey 
at ~ XTLp (23 
Do 760 


TABLE II. Calculated and experimental values of dn/dt in 
molecules 


dn/dt (Calculated) 


Oxygen pressure | dn/dt (Experimental) 


t = 550°C 
6.7 2.6 X 10% 1.3 10“ 
11.1 1.7 x 10% 1.0 x 10" 
12.2 1.6 X 10" 7.8 X 10" 
19.2 1.0 10% 4.2 10% 
32.8 | 60x 10" | 3.0 X 10" 
55.8 | 3.6 X 10" | 2.1 x 10" 

t = 600°C 
11.1 1.2 1.3 10% 
16.6 8.4 X 10" 1.1 10% 
40.0 5.5 X 10% 6.1 10" 
68.0 2.0 10% 4.9 10" 
115.0 1.2 1015 | 4.7 X 10" 


47070704 


(100) 


Fic. 7. The arrangement of atoms on the (110), (100), and 
(111) faces of a Ge erystal showing the different type of 
bonding. 
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In general, \ will be less than unity and probably be- 
tween | and 107%. 

From the values listed in Table I it is possible to cal- 
culate de./dt from 773° to 973°K and at any pressure. 
From these results the second term in Eq. [6] can be 
evaluated and hence the linear parts of the rate curves 
preducted. Unfortunately it is impossible to carry out an 
independent calculation of the first term which includes 
several rate constants. 

Oxidation rates at 550° and 600°C are shown in Fig. 2 
and 3 as linear curves. However, at very short time inter- 
vals < 3 min they were practically parabolic. Because of 
the difficulty of obtaining accurate data at the beginning 
of the run only the linear portions were plotted by moving 
the zero of time to +3 min. It is believed that this initial 
region describes the growth of an oxide film. This film 
grows until its growth rate is just equal to the rate of 
evaporation of GeO. It then remains at a constant thick- 
ness and the oxidation curve becomes linear with respect 
to time. 

This theory predicts that the linear part of the rate 
curves describes the diffusion of GeO through the oxygen 
atmosphere. In Table II the experimental and calculated 
(from Eq. [6] and [23]) values of dn/dt in molecules cm~? 
sec! at 550° and 600°C are given as a function of oxygen 
pressure. Calculated values are all higher than exper- 
imental ones, although the agreement is satisfactory. The 
difference could be due to either inaccurate vapor pressure 
data for GeO or to the use of unity for the accommodation 
coefficient (A). In general X is less than one and therefore 
reduces the calculated value of dn /dt. 

At temperatures above 600°C no comparison of theory 
and experiment is possible since the oxidation curves are no 
longer linear. That evaporation of GeO is still important is 
shown by the inverse dependence of rate on oxygen pres- 
sure, but this process is reduced and finally (at 700°C) 
prevented by the growth of a protective film of GeO». 
Once a stable GeO. film has been formed at 700°C no 
further oxidation is observed even if the oxygen pressure 
is lowered. The difference between the uptakes at the 
various pressures is due to the amount of GeO that can 
evaporate before a complete GeO, film is formed. This is 
certainly greater at the low pressures, 

The data at 500°C shown in Fig. 1 differ from all the 
others in that the oxidation rate increases with increasing 
oxygen pressure. The term due to diffusion of GeO away 
from the surface is found to be quite small, being approx- 
imately 5 X 10" molecules cm? sec~! at a pressure of 50 
mm. The linear term in Eq. [11] is therefore unimportant 
and there is left 

An = [24] 


where B is a function of oxygen pressure. In other words, 
the oxidation rate under these conditions is controlled by 
the thickness of the oxide film and a parabolic law results. 
It is not possible to calculate a value for B, which contains 
a number of rate constants. However Eq. [24] may be 
written as An = c p™ t'? and values of c and m may be 
calculated from two runs and used to compare the rest of 
the data. The solid lines in Fig. 1 were all calculated from 
An = 9.10%p'/*t'/?; agreement between them and ex- 
periment is good at all pressures. 
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Errect oF Crystal ORIENTATION ON OXIDATION Rate 


The lack of dependence of rate on crystal orientation 
at 550°C is to be expected if the oxidation process is indeed 
diffusion controlled. The slopes of the rate curves at 
550°C for the three faces are shown in Fig. 6 as a function 
of oxygen pressure. A single curve describes all the results. 

At 500°C no removal of oxygen from the gas phase by 
the (100) and (111) faces could be detected over a period 
of 2 hr at oxygen pressures between 50 and 700 mm. This 
was in contrast to the (110) face where appreciable oxida- 
tion occurred, as shown in Fig. 1. At this temperature the 
results show that diffusion through the gas phase is un- 
important, so the rate-determining step must be either the 
removal of a Ge ion from the lattice or its transport 
across the oxide film. For any difference between crystal 
faces to be important the former of these must be oper- 
ative. In Fig. 7 the arrangement of Ge atoms on the (100), 
(111), and (110) faces is shown. On the (100) face each 
surface atom is bonded to two atoms in the layer below, 
while on the (111) face each surface atom is bound to 
three in the next lowest layer. These numbers remain 
constant even when the surface layer is partially depleted. 
On the (110) face, however, each surface atom is bound to 
two neighboring surface atoms but to only one atom in the 
underlying layer. Thus, if one atom is removed from the 
surface, the bonding of the two neighboring atoms is 
weakened and one can get progressive removal along the 
chain. Therefore, from the crystal structure it does not 
seem unreasonable that the (110) plane is more reactive 
than either the (100) or the (111). Further measurements 
at temperatures below 500°C are needed for confirmation. 


CONCLUSIONS 


At and above 550°C the oxidation process is controlled 
by the diffusion of GeO away from the surface and no 
effect of crystalline orientation is found. 

Between room temperature and 550°C little data are 
available but these results suggest that in this region the 
(110) plane oxidizes more readily than either the (100) or 
the (111) and that the rate of oxidation is controlled by 
either the removal of a Ge ion from the lattice and/or its 
transport across the oxide film. 


Manuscript received April 24, 1956. This paper was pre- 
pared for delivery before the San Francisco Meeting, April 
29 to May 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Seetion to be published in the December 1957 JourNAL. 


REFERENCES 


1. W. H. Brattain J. BARDEEN, Bell System Tech. J., 
32, 1 (1953). 

2. R. B. BeRNsTEIN AND D. Cusicciorti, J. Am. Chem. 
Soc., 73, 4112 (1951). 

3. W. E. Campsetut anv U. B. Tuomas, Trans. Electro- 
chem. Soc., 91, 623 (1947). 

4. J. T. Law, J. Phys. Chem., 69, 543 (1955). 

5. W. Bues anp H. V. WARTENBERG, Z. anorg. u. allgem. 
Chem., 266, 281 (1951). 

6. W. L. Joutuy anp W. M. Latimer, J. Am. Chem. Soc., 

74, 5757 (1952). 
. N. Fucus, Phys. Z. Sowetunion, 6, 224 (1934). 
. A. Lontus, Ann. Physik, 29, 664 (1909). 


nan 


ae 

2 

957 

(8) 

= 

and 

dj ma 

1 In 

and aj 

J 

[22] 

e of 

olly 

ons, 

cal- 

ain, 

lag- 

tion 
1 in 

[23] | 

P 
tin 

1) 

| 


Electrolytic Reduction of Cyanamide 


Keirro Opo AND KucHiro SuGINO 


Laboratory of Organic Electrochemistry, Department of Chemical Engineering, Tokyo Institute of Technology, Tokyo, Japan 


ABSTRACT 


The electrolytic reduction of cyanamide was investigated in order to confirm each 
product and thus to clarify the reduction mechanism. 

Ten per cent aqueous cyanamide solution was reduced electrolytically in 8% (NH,)2- 
SO, catholyte at pH range 3-7 at a spongy Sn cathode. Final products were NH; and 
methylamine as previously reported. In addition, a considerable amount of formamidine 
was isolated in the form of picrate. Formic acid was also obtained as a product of the re- 
duction. No proof was obtained for the existence of hydrocyanic acid in the catholyte 
during electrolysis. On these bases, the intermediate compound of the cyanamide re- 
duction to NH; and methylamine is not hydrocyanic acid, but formamidine, contrary to 
the results of earlier workers. The main side reaction is hydrolysis of formamidine to 


NH; and formic acid. 


Drechsel (1) first observed that cyanamide could be re- 
duced to give methylamine and NH; by prolonged treat- 
ment with Zn and HCl. He supposed that cyanamide was 
first reduced to NH; and hydrocyanic acid, the latter 
compound being further reduced to methylamine. 


NH.CN + 2H — NH; + HCN (1) 
HCN + 4H — CH;NH, 


Kameyama (2) later carried out this reduction by an 
electrolytic method. He used a 1.3-6.7% aqueous solution 
of cyanamide prepared by extracting commercial calcium 
cyanamide as catholyte, and Cd, Zn, Pb, Hg, etc., as 
cathode. By combining the measurement of H absorption 
at the cathode and simple identification of the product, he 
concluded, as did Drechsel, that ecvanamide was reduced 
to give methylamine and NH. He also supposed the 
mechanism to be the same as Eqs. (I) and (II). 

Nothing further has been reported, and it appears that 
a complete separation and identification of cyanamide 
reduction products had not been made before the present 
work. Therefore, an investigation was made in order to 
confirm each reduction product and thus to clarify the 
reduction mechanism. 

In this paper, the detection of formamidine as an inter- 
mediate product and the proposed mechanism based on 
this discovery are reported. Experiments were carried out 
mainly at a spongy Sn cathode and in a catholyte con- 
taining (NH,).S0, at pH 3-7. Work on the quantitative 
study of the effect of cathode materials and other elec- 
trolytic conditions on the yield of each product is in 
progress. 


EXPERIMENTAL, ResULTs, AND Discussion 


Apparatus.—Apparatus used was similar to that de- 
scribed earlier (3). Area of the cathode was 80 cm*. The 
catholyte was thoroughly agitated by a magnetic stirrer 
to maintain the pH of the catholyte as constant as possible. 

Material used.—Crystalline cyanamide was freshly pre- 
pared from commercial calcium cyanamide by a previously 
reported procedure (4), and its purity was determined by 
the usual method (as silver cyanamide) before use. 
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Formation of methylamine and ammonia.—Several runs 
were made using various cathodic materials such as 
Pb, Hg, Sn, Zn, Cu, ete. The reduction of cyanamide was 
found to oceur with all cathodes, but spongy Sn gave the 
most favorable results (Table 1). 

Cyanamide converted was calculated by subtracting the 
amount of remaining cyanamide in the catholyte from 
that in the starting catholyte. Remaining cyanamide was 
determined by the usual method (as silver cyanamide). 

Methylamine and ammonia were isolated by the 

following procedure. 
Ammonia.—aAfter reduction, the catholyte (102 ec) was 
neutralized with H.SO,, and 20 ce was pipetted into the 
beaker; 100 ce methanol was added to it and the mixture 
was allowed to stand for several hours. Precipitated 
(NH,)2S0, was filtered, washed with 20 ce methanol, and 
weighed. Solubility correction was applied (0.47 g¢/20 ce). 
Then, NH; formed by the reduction was calculated by sub- 
tracting the amount of NH; in the starting catholyte. 
Methylamine.—Each 40-60 ec of catholyte was pipetted 
into the beaker, and five times that amount of methanol 
was added to it. The precipitated (NH4)2S0, was filtered 
off and washed with 40 ce methanol. The filtrate was 
combined with washing solution and concentrated under 
diminished pressure. The residue was diluted to 150 ce 
with water, poured into a Kjeldahl flask, and heated with 
60 g 50% NaOH solution. Methylamine was distilled into 
HCl, and the resulting solution was evaporated to dryness. 
The residue was extracted with 40 ce then 10 ce hot buta- 
nol to separate NH,CI; the extract was again evaporated 
to dryness to give crude methylamine hydrochloride, 
which was weighed. The analytical sample was recrystal- 
lized from butanol. 

It was confirmed that the reduction of cyanamide gave 
NH; and methylamine as final products in fair yield under 
suitable conditions. But the amount of methylamine was 
relatively small as compared with the amount of NH; 
expected from: 


NH:CN + 6H — NH; + CH;NH2 (IIT) 


It may be that part of the NH; was formed not by direct 
reduction, but by decomposition of some intermediate 
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product. So, further experiments were carried out to seek 
the intermediate product of the reduction of cyanamide. 

Isolation of formamidine, the intermediate product.— 
By careful observations, it was found that formamidine 
existed in the reduction product. Isolation of this com- 
pound was difficult and incomplete quantitatively; it 
could be caught as picrate by the following procedure. 

Ten grams cyanamide (purity 97.5%, 9.75 g as pure 
cyanamide) was reduced at a spongy Sn cathode with 40 
amp-hr of current. Other conditions were the same as in 
Table I; 5.17 g of cyanamide was converted. 

After the reduction, 25 cc of the catholyte (total 110 ec) 
was pipetted into the beaker. To it, a suitable amount of 
picric acid was added either as solid, aqueous solution, or 
methanolic solution. Formamidine picrate (solubility 
about 0.2 g/100 ec) could be precipitated together with 
ammonium picrate.! The quantitative separation of 
formamidine picrate from this mixture was very difficult,’ 
but after adding a hot methanolic solution of picric acid 
(1.5 g/5 ec) very cautiously, 1.57 g crude formamidine 
picrate was obtained (mp 232°-234°C). Reerystallization 
from 30 cc hot water gave 0.91 g of pure compound. 
Yield 12.0%, mp 242°-244°C. Cale’d for C;H;N;0;: N, 
25.64%; found: N, 25.95%. 

A mixed melting point with the product* prepared from 
thiourea showed no depression. 

Identity was further confirmed by converting the 
picrate into the hydrochloride. Pure formamidine picrate 
(2.15 g, mp 242°-244°C) obtained by the reduction was 
converted to hydrochloride (0.51 g, mp 66°-70°C). Cale’d 
for CHsN.Cl: N, 34.78%; found: N, 35.05%. 

Isolation of formic acid.—Since formamidine was found 
to be the intermediate product, hydrolysis of this com- 
pound to ammonia and formic acid may be expected as 
follows: 


NH.-CH = NH NH, + HCONH, 


(IV) 
oNH; + HCOOH 


The existence or formation of this compound in the 


reduction product was verified by the following procedure. 


Ten grams cyanamide (purity 96%, 9.60 g as pure 
cyanamide) was reduced at a spongy Sn cathode with 
35.8 amp-hr of current. Other conditions were the same 
as in Table I, and 4.37 g cyanamide was converted. After 
the reduction, 30 cc of the catholyte (total, 105 cc) was 
pipetted into the beaker; 30 ce 20% H»SO, was added to 
it, and the mixture was distilled in a Kjeldahl flask to 
give 50 ce of distillate. Formic acid content in the distillate 
was determined by titration with 0.1N NaOH solution. 
Yield: 0.35 g (total, 1.21 g), sodium formate obtained 
from the distillate had mp 250°-255°C (decomposition), 


When the amount of formamidine in the catholyte was 
small, the speed of crystallization of the picrate was rela- 
tively slow, so that it might have been better to let the 
mixture stand for a few days. Formamidine picrate could 
be recognized easily by the characteristic form. 

2? Indeed, in another run, separation of formamidine 
picrate from the mixture was even more difficult, and it 
could be accomplished only by the careful technique of 
picking out characteristic picrate crystals from the mixture. 

* Prepared from thiourea by the procedure of D. J. 
Brown (5), mp 246°C. 


TABLE I. Reduction of cyanamide at Sn 

Catholyte:* 10 g cyanamide in 100 ce 8% (NH4)-SOx. 
pH range adjusted at 3-7 by adding small amount of H.SO, 
during the electrolysis. 

Current: 34.4 amp-hr (5 Faradays). 

Current density: 5 amp/dm? 

Temp: Kept at 15°C by cooling catholyte with ice water. 

Results: Cyanamide used: 10.00 g (purity 97.6%, 9.76 g 
as pure cyanamide) 

Cyanamide converted: 3.96 g 

(NH,).SO, obtained: 3.12 g 

Methylamine hydrochloride obtained: 1.87 g, mp 196°- 
200°C (recrystallized); Cale’d for CHsNCl: N, 20.74%; 
found: N, 21.40%. 


* Acidic catholyte is also applicable to this reduction. 
For example: 10 g cyanamide in 100 ce 5% HoSO,. Concen- 
tration of H.SO, is controlled so as to be 5-2% during elec- 
trolysis. 


Fig. 1. Formamidine picrate 


and the mixed melting point with the known sample 
showed no depression. 

Existence of formaldehyde—The existence of small 
amounts of formaldehyde in the distillate of the run 
described above was proved. The distillate had a very 
indistinct odor of formaldehyde and gave a very weak 
silver mirror reaction. Moreover, it gave a little pre- 
cipitate when treated with dimedon. 

Existence of hydrocyanic acid.—Careful observation was 
also made in order to determine the existence of hydro- 
cyanic acid in catholyte during the electrolysis. This, test 
was made by prussian blue formation. Two or three cubic 
centimeters of the catholyte was pipetted into the test 
tube and made alkaline with a drop of NaOH. To it, a 
piece of crystalline ferrous sulfate was added, and the 
solution was boiled for 30 min. The resulting solution was 
acidified with HCl, and a solution of FeCl; was added. 
Color change to blue could not be observed throughout 
the experiments. 

Side reactions other than reduction—Cyanamide is 
expected to dimerize to dicvandiamide at pH 8-12. But 
during the reduction, under the conditions described 
above, an appreciable amount of dicyandiamide was not 
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detected. Also, any conversion of cyanamide to urea by 
hydration in the presence of acid is unlikely to occur during 
the reduction. 


CONCLUSION 


It is interesting to note that a fairly large amount of 
formamidine was obtained in the reduction product of 
cyanamide. Formation of this compound was completely 
missed by earlier workers. Since hydrocyanic acid was 
absent, the reduction of cyanamide is best represented by 
the following succession of reactions: 


NH:CN 24, NH,-CH = NH 24, 
|NH.-CH.NH,] 24. NH; + CH;NH> 
Main side reaction is the hydrolysis of formamidine to 
give NHg and formic acid. 


NH:-CH = NH (NH; + HCONH,} 
(VI) 
2NH; + HCOOH 
The mechanism proposed by Drechsel (1) and adopted 
by Kameyama (2) for the electrolytic reduction is dis- 
proved by this experiment. 
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The Voltage of Sodium Chlorate Cells 


VIVION DE VALERA 


Department of Chemistry, University College, Dublin, Ireland 


ABSTRACT 


The cell voltage of technical chlorate cells with carbon anodes and rod iron cathodes is 
correlated with reported overvoltage values. At working current densities the cell volt- 
age is expressible as the sum of a constant, the overvoltages, and an ohmic term. Results 
are found to be consistent with the theory that the anode potential is conditioned by 
hydroxy! discharge. Back emf measurements are discussed. 


To calculate the energy efficiency of a chlorate cell a 
value for the theoretical cell voltage must be assumed but, 
owing to the complexity of the reactions involved, the 
value to be taken is not obvious. Knibbs (1) quotes 1.43 v 
as being the theoretical voltage required according to 
Luther for producing chlorate from chloride, but he 
further points out that the voltage corresponding to the 
thermal absorbtion in the change: 


NaCl (aq.) + 3H,0 (liq.) 
= NaClO; (Aq.) + 3H, (Gas) — 224 (Cal.) 


is 1.62 v. In subsequent literature this value has been 
adopted (2). On the other hand, Koehler (3) states that 
the decomposition potential of NaCl solutions may be 
taken as 2.3 v and uses this factor for calculating the 
efficiency of chlorine-caustic cells. Generally, it is not 
easy to interpret voltage measurements recorded in the 
literature and a systematic correlation of cell voltages 
with current densities is needed. This prompted the 
present investigation. 


Although it is difficult to get reproducible values, cur- 
rent voltage curves for chloride electrolysis are always 
more or less definite in form. Apart from the peculiarities 
at low current densities, especially at the commencement 
of electrolysis, they have the usual approximately loga- 
rithmic shape (4). In the case of simpler electrolytes, such 
curves are usually resolvable as the superposition of a 
linear ohmic increase of poteniial with current on a 
logarithmic overpotential. This suggests that chlorate cell 
voltages might also be separable approximately into the 
sum of the electrode overvoltages, the electrolyte re- 
sistance, and a constant, provided other variables are 
suitably controlled and that values for the overvoltages 
are known. 

An analysis of data relating to the operation of chlorate 
cells both on the semitechnical and technical scales con- 
firmed that the curves obtained by plotting current against 
voltage were of the type expected. The results of Pfleiderer 
(5) and others (4) then indicated correlation with H and 
oxygen overvoltages obtained by the direct method. As the 
values of Knobel, et al. (6) (assembled in the International 
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Critical Tables) seemed the most appropriate, these were 


used. 


ANALYsIS OF RouTINE Facrory Data 


During the operation of an experimental installation, 
results heretofore unpublished of routine observations 
over a period of nearly two years became available. These 
were extracted from the log sheets and analyzed. The 
data related to concrete cells fitted with electrode as- 
semblies of the rod cathode type similar to those de- 
seribed by McLaren and co-workers (7). The anodes con- 
sisted of 2 in. diameter graphite rods with an effective 
length of 20 in. Each anode was surrounded by 20 steel 
rods, 7s in. diameter, forming its cathode. Cells were 
operated on a batch basis and current, voltage, and other 
readings were taken hourly throughout a run. Cell tem- 
peratures ranged from 23° to 31°C. One lb of K;Cr.O, 
was added to the electrolyte at the beginning of each run 
and the pH was maintained between the limits 6.2-6.9 
by addition of HCl. A large number of readings were 
available corresponding to ten runs. Results shown in 
Table I relate to two runs with cells of approximately 470-1 
capacity fitted with 30 electrode units per cell. Cell con- 
ditions were practically the same during both these runs, 
and the figures given here are representative of the results 
for other runs. In one of the runs in question 8 cells were 
operated in series. Observations were made each hour on 
one master cell and one other observed cell. Throughout 
the run, cell conditions and performance were almost the 
same for the & cells. In the second run, 32 similar cells were 
operated in series. The figures taken were hourly observa- 
tions made on two master cells. Cell conditions and 
performance for the two master cells were closely parallel, 
but some of the remaining 30 cells showed wider varia- 
tions than those noticed in the 8-cell run. As far as current- 
voltage relations were concerned these variations seemed 
to be explainable in terms of varying cell resistances. These 
runs were selected because they afforded the largest 
number of comparable readings at various current values. 
Great accuracy cannot be claimed for these measure- 
ments. 

Figures given in Table I refer to early portions of these 
runs after the cells had settled down but before the 
chloride concentration had fallen below 200 g/l. Cell 
resistance can be taken as approximately constant in this 
interval although it rises toward the end of a run. In the 
present case, cell resistance, R, was estimated at 4 x 10~¢ 
ohms. The voltages Hop, are mean values obtained by 
plotting observed voltages against the corresponding 
current. Overvoltages V, and V, were taken from the 
graphs obtained by plotting the values given in the 
International Critical Tables! fer the oxygen overvoltages 
on graphite and the H overvoltages on Fe, against current 
density. The seventh column of the table gives the sum 
of the anode and cathode overvoltages together with the 
ohmic term RJ, corresponding to the current values in 
the first column, while the last column gives the difference 
of the observed voltages, Eps, and this sum. The difference 
so obtained is practically constant over a wide current 


1 International Critical Tables, vol. VI, pp. 339, 340. 
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TABLE I. Current-voltage: average from plant log sheets 


(amp) (amp, (v) | (amp/ | (v) | 0.0004) RI (v) (v) 
cm?) cm?) | (v) 
30 | 0.0012) 0.55, 0.0006 0.36, 0.01 | 0.92 | 1.92 1.00 
300 | 0.012 | 0.91) 0.006 | 0.53) 0.12 | 1.56 | 2.60 | 1.04 
400 | 0.016 | 0.94) 0.008 | 0.55, 0.16 | 1.65 2.71 | 1.06 
500 0.020 | 0.96; 0.010 0.56) 0.20 | 1.72 | 2.82 1.10 
600 | 0.024 | 0.98) 0.012 | 0.57 0.24 | 1.79 | 2.92 | 1.13 
700 | 0.028 | 0.99 0.014 | 0.58 0.28 | 1.85 | 2.98 | 1.13 
850 | 0.034 1.00 0.017 | 0.59) 0.34 | 1.93 | 3.06 | 1.13 
900 | 0.036 | 1.01) 0.018 | 0.60, 0.36 | 1.97 | 3.08 | 1.11 
1000 | 0.040 | 1.01| 0.020 | 0.61 0.40 | 2.02 | 3.14 | 1.12 
1100 | 0.044 | 1.02 0.022 | 0.62, 0.44 | 2.08 3.18 1.10 
1200 | 0.048 | 1.02) 0.024 0.62) 0.48 | 2.12 | 3.22 | 1.10 
1300 | 0.052 | 1.03 0.026 | 0.63) 0.52 | 2.18 | 3.29 | 1.11 


Norte: I is cell current; V, is oxygen overvoltage on 
anode; V, is hydrogen overvoltage on cathode; R is cell re- 
sistance; and E,»s is observed cell voltage. 


range, the average value being 1.09 v. In fact, the result 
for the runs in question may be written in the form: 


Eovs = 1.09 + (Va + V.) + RI (1) 


CORRELATION WITH REPORTED VALUES 


The value 1.09 v is very close to the value found experi- 
mentally for the “reversible” oxygen electrode with 
reference to a reversible H electrode in the same aqueous 
solution. Taken in conjunction with the fact that the 
overvoltages concerned are those of H and oxygen, this 
coincidence seemed to be of some significance. It was 
therefore of interest to inquire how far the above result 
could be fitted to the cell data published by other workers. 

It is unfortunate that the information given in the 
literature usually omits to specify the cell resistance, R, 
so that the extent to which the above equation can be 
tested on the figures given is very limited. However, 
Pitman and co-workers (8) describe the operation of two 
cells for which they give the necessary data (Cells Nos. 
2 and 4). Taking the voltages and current densities experi- 
mentally determined for these cells in conjunction with 
the overvoltages V, and V. obtained in the same way as 
before, the following result was obtained: 


anode cathode Va | Ve RI Eobs 
(amp/cm*) | (amp/cm®*) | vw) | (v) (v) 


|- —|— —|——| 
2 | 0.019 | 0.011 | 0.96 | 0.56 | 0.22 | 2.83 | 2.81 
4 | 0.012 | 0.97 | 0.57 | 0.22 | 2.85 | 2.91 


McLaren and associates (7) measured the components 
of the over-all cell voltage of small chlorate cells with rod 
cathodes. They determined anode and cathede potentials 
with a saturated calomel reference cell. They state that 
the voltage measured depended on many cell conditions 
but give “representative values.” Table II gives their 
values in relation to the overvoltages V, and V,. 

Notice that the difference between the measured anode 
potential and the corresponding oxygen overvoltage is 
almost constant, the average value of this difference being 
about 0.26 v. The figures indicate a similar constancy 
for the cathode relations, but values of V, taken are those 
corresponding to the anode current densities given. In the 
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Anode Anode Vv Diff. Cathode V Diff. 
C.D. potential (v) Ea Va potential (v) — Ve 
(amp/cm*) (v) (v) (v) (v) 
0.01 1.17 | 0.90 0.27 1.27 0.56 0.71 
0.02 1.22 | 0.96 0.26 1.42 0.61 0.81 
0.04 1.28 | 1.01 0.27 1.46 0.67 0.79 
0.06 1.30 | 1.04 0.26 1.49 0.73 0.76 
0.09 1.33 1.07 0.26 1.52 0.79 | 0.73 
0.12 1.34 1.10 0.24 1.55 0.85 0.7 
1 


0.16 1.37 | 1.12| 0.25 


TABLE III. Voltages calculated from results of McLaren, 


et al. (7) 
| C.D. 
Nacl I anode Va (cathode V, R RI | Ecaic | Eobs 
(g/1) (amp)| (amp (v) | (amp (v) (ohms) (v) (v) (v) 
cm?) cm?) 


| 


.01 0.030.640.0006, 0.12 
0.030.640.0011) 0.22 
.01 0.03  0.640.0012) 0.24 
.07 0.06  0.73.0.0006) 0.24 
.07 0.06 0.73.0.0011 0.44 
.07 0.06 | 0.73:0.0012 0.48 
0.09 0.790.0006 0.36 
.10 0.09 0.790.0011) 0.66 
10 0.09 0.790.0012) 0.72 
.12 0.12  0.85:0.0006) 0.48 
.12 0.120.850.0011) 0.88 
75 | 800 | 0.16 | 1.12 0.12 | 0.850.0012 0.96) 4. 
250 185 | 0.08 | 1.06 0.06 | 0.730.0020 0.37. — 
250 | 0.16 | 1.12 0.09 | 0.79 — 


250 200 0.04 
100 | 0.04 
50 200 | 0.04 | 
250 400 | 0.09 
100 400 | 0.09 
50 400 | 0.09 
250 | 600 | 0.12 | 
100 600 | 0.12 
75 600 0.12 
250 | 800 | 0.16 
100 800 | 0.16 


= 
ac 


Wh | 


— 
> 


w 


paper referred to, theauthors omit cathodecurrent densities 
and hence the anode values are taken in default. It is 
almost certain that the correct cathode current densities 
were less than the corresponding anode values and a 
correction in this direction would tend to make the sum of 
the two differences more nearly approach the value 1.09 v. 

In the same paper the authors tabulate data relating to 
the operation of cells at various current loads and salt 
concentrations (7). They do not give the values of their 
cell resistances but, if the cell voltages are calculated by 
means of the equation under test on the assumption that 
the values of R were: 6 X 10~* ohms at a chloride con- 
centration of 250 g/l, 11 x 10 ohms at 100 g/l, and 
12 x 10 ohms at 50-75 g/l, the resulting voltages ac- 
cord with the observed values. Table IIT shows that agree- 
ment is good except in the case of the 400-amp run. The 
authors, however, point out that the data for this run 
were obtained after the anodes had worn from 2 in. 
diameter to 134 in. diameter. Data for the 185-amp run 
were also obtained with worn anodes. Thus, an increased 
cell resistance is to be expected in the case of both of these 
runs. Table III, then, affords a circumstantial check on 


Eq. (1). 
Direct EXPERIMENTAL TEST 


The matter was then submitted to a direct test with the 
32-cell installation already mentioned. The cells were 
charged with fresh brine from the one mixing and 1 |b 
dichromate was added to each cell. The initial pH of the 
electrolyte was 9.4 and the initial cell temperature was 
9°-10°C for all cells. Care was taken to insure that starting 
conditions were the same for all cells. The current was 
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switched in at a low value, and, after some preliminary 
measurements, it was raised to the vicinity of 1000 amp, 
Cell temperatures were allowed to rise to 25°C and there- 
after maintained at this value. A standard glass electrode 
pH meter was used to control the pH of the cell liquors and 
HCl was added to each cell in regulated quantities to 
reduce the pH of the electrolyte slowly and uniformly 
for all cells. The cells were then run for 20 hr under these 
conditions before the observations discussed below were 
taken. 

It is necessary to make a slight digression at this point 
to refer briefly to the resistances of chlorate cells. These 
do not remain constant but increase with time, manifesting 
themselves as a rise in cell voltage. This increase is due to 
two distinct causes: (a) the specific resistance of the 
electrolyte increases with rising chlorate concentration 
from about 4 to 6 ohms/cm* at chloride concentrations 
above 100 g/l (1); (6) resistances of electrodes and electrode 
connections tend to increase with time because of corro- 
sion, rusting, or anode wear (7). It is also conceivable 
that local emf’s may develop at connections if these are 
faulty and exposed to damp spray from the cells. The first 
factor made it necessary to take all readings within a 
relatively narrow chlorate and chloride concentration 
range. The second factor is noticeable in cells fitted with 
graphite anodes and iron rod cathodes after about four 
successive batch runs. The age and history of an assembly 
of this type must be taken into consideration when esti- 
mating its resistance. In the present case, the age and 
history of the electrode assemblies in the 32 cells was 
practically the same and the performance and character- 
istics of the individual cells were sufficiently uniform to 
warrant the consideration of average values taken over all 
the cells (+0.15 v at 1000 amp, maximum deviation from 
average). 

It was decided to take current and voltage readings 
before the chloride concentration had fallen below 250 g/l 
but after a reasonable time had been allowed for the cells 
to settle down. On the basis of cell dimensions and the 
specific resistance of the electrolyte, taken as 4.7 ohms/em*, 
it was estimated that the corresponding resistance of the 
electrolyte would be 1.5 x 10~* ohms/cell. The resistance 
of the graphite anodes was estimated at 0.5 x 10~ 
ohms/cell. Voltage drops over the anode and cathode 
connections and the voltage drops in the leads had been 
measured in detail with current passing, by means of an 
accurate millivoltmeter toward the end of a previous run 
very shortly before the present run commenced. On the 
basis of these measurements and check measurements 
made during the present run, the resistance of the anode 
and cathode connections combined was taken as 2 x 10 
ohms/cell. The total resistance was thus estimated at 
4 xX 10“ ohms/cell. This should approximate to the 
actual value for new cells; data available indicated that 
this was so. However, examination of the increase in 
voltage at specified current values during successive 
previous runs indicated that the internal cell resistance 
had increased with age to the average extent of 1.0-1.5 X 
10 ohms/cell. Accordingly, it was expected that the 
average resistance during the present run should be about 
5.0-5.5 K 10~* ohms/cell for the period selected. 

Current flowing through the cells was measured by an 
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ammeter of standard type. The total voltage drop over the 
32 cells was measured by means of a voltmeter of suitable 
range and from the readings so taken, together with 
the known corrections for the potential drops in the leads, 
average cell voltages corresponding to observed current 
values were determined. In addition, one cell was selected 
for individual observation, the voltage for this cell being 
measured by means of a separate instrument of suitable 
range. Before the voltage readings were taken for any 
selected amperage the cells were run at this value for 
some time. Presumably because of polarization effects, 
when the cell current is altered the cell voltage does not 
adjust itself to the new equilibrium value at once. With 
the installation in question it took approximately 30 min 
for the cell voltage to settle down for current changes of 
100-200 amp at current values above 200 amp. Below 200 
amp a longer time was required. In the present experiment, 
two series of observations were made. In each series, 
observations were commenced at high current values. The 
current was then reduced by stages, one hour at least being 
allowed to elapse between the current change and voltage 
readings for the new value. Values so obtained were 
then checked by restoring the current to its original high 
value, again by stages with suitable intervals. Invariably 
under these conditions, readings corresponding to a 
particular amperage were effectively the same whether the 
approach was from a higher or a lower value. The first 
series of observations were made while the pH of the cell 
liquors was slightly on the alkaline side, the initial and 
final average pH values for this series being 7.4 and 7.1, 
respectively. The second series were taken on the acid side, 
the corresponding average pH values being 6.9 to 6.8, 
respectively. At the beginning of the first series the chlorate 
concentration was 39 g/l and the chloride concentration 
was 260 g/l. At the end of the second series the chlorate 
concentration was 67 g/l and the chloride concentration 
was 251 g/l. Cell temperatures were maintained at the 
desired value by a suitable control of the cooling water 
to each cell until all measurements were completed. 
Results of this experiment for the observed cell are 
given in Table IV. The figures for one series only are given 
since those for the other series were almost identical. 
Average values for the 32 cells are given in Tables V and VI. 
Tables V and VI show that the average cell voltages 
observed in this experiment agree well with the values 
calculated from Eq. (I) when the cell resistance R is taken 
as 5.5 X 1074 ohms. The cell voltage for the observed cell, 
however, was consistently lower than the corresponding 
average value for all the cells. Assuming that the differences 
in voltage between individual cells is attributable to differ- 


TABLE IV. Current-voltage: values for 1 cell 


Temp, 25°C" pH 6.8-6.9 

I Ecale I Evale Eobs 
(amp) (v) (v) (amp) (v) (v) 

50 2.07 2.12 795 3.06 3.03 
150 2.40 2.44 900 3.13 3.12 
200 2.50 2.52 925 3.14 3.13 
260 2.61 2.58 1000 3.19 3.20 
300 2.66 2.65 1100 3.26 3.26 
325 2.70 2.66 1150 3.28 3.30 
665 2.97 2.94 | 1250 3.35 3.35 
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TABLE V. Current-voltage: averages for 32 cells 


Temp, 25°C pH 7.4-7.1 
| | 
| ' 
| 
50 | 0.002 | 0.56 | 0.001 | 0.40 | 0.03 | 2.08 | 2.26 
100 | 0.004 | 0.67 0.002 | 0.45 | 0.06 | 2.27 | 2.35 
200 | 0.008 | 0.82 0.004 0.49 | 0.11 | 2.51 | 2.49 
300 | 0.012 | 0.91 | 0.006 | 0.52 | 0.17 | 2.69 | 2.63 
500 | 0.020 | 0.96 | 0.010 | 0.56 | 0.27 | 2.88 | 2.87 
650 | 0.026 | 0.98 0.013 | 0.58 | 0.36 | 3.01 | 3.00 
810 | 0.032 | 1.00) 0.016 | 0.59 | 0.45 | 3.13 | 3.11 
955 | 0.038 | 1.01 . 0.019 | 0.60 | 0.53 | 3.23 | 3.25 
1000 | 0.040 | 1.01 0.020 | 0.61 | 0.55 | 3.26 | 3.27 
1100 | 0.044 | 1.02 | 0.022 | 0.62 | 0.61 | 3.34 | 3.34 
1250 | 0.050 | 1.03 | 0.025 | 0.63 | 0.69 | 3.44 | 3.44 


TABLE VI. Current-voliage: averages for 32 cells 


Temp, 25°C pH 6.9-6.8 
| Va | Ve RI | Eeale Eobs 
(amp) (ampyem?)| | (amp, cm?) | (v) | (ohms); (v) (v) 
50 | 0.002 | 0.56 0.001 | 0.40 | 0.03 | 2.08 | 2.13 
150 | 0.006 | 0.76 | 0.003 | 0.48 | 0.08 | 2.41 | 2.46 
200 | 0.008 | 0.82) 0.004 | 0.49 | 0.11 | 2.51 | 2.52 
260 | 0.010 | 0.90 0.005 | 0.50 | 0.14 | 2.63 | 2.65 
300 | 0.012 | 0.91 | 0.006 | 0.52 | 0.17 | 2.69 | 2.67 
325 0.013 | 0.93 | 0.006 | 0.52 | 0.18 | 2.72 | 2.70 
665 | 0.027 | 0.98 | 0.013 | 0.58 | 0.37 | 3.02 | 3.02 
795 | 0.032 | 1.00! 0.016 | 0.59 | 0.44 | 3.12 | 3.10 
900 | 0.036 | 1.01) 0.018 | 0.60 | 0.50 | 3.20 | 3.20 
925 | 0.037 | 1.01 | 0.018 | 0.60 | 0.51 | 3.21 | 3.22 
1000 | 0.040 | 1.01 | 0.020 | 0.61 | 0.55 | 3.26 | 3.27 
1100 | 0.044 | 1.02) 0.022 | 0.62 | 0.61 | 3.34 | 3.36 
1150 | 0.046 | 1.02) 0.023 | 0.62 | 0.63 | 3.36 | 3.41 
1250 | 0.050 | 1.03 | 0.025 | 0.63 | 0.69 | 3.44 | 3.46 


ences in cell resistance, results indicate that the resistance 
of the observed cell was about 4.8 x 107-4 ohms. Eeaie in 
Table IV is derived on this basis. 


Back EMF MEerasuREMENTS 


In earlier runs with the cells mentioned above it was 
noticed that the back emf of these cells when freshly 
filled, and before electrolysis was started, was in the 
neighborhood of 1.6 v. At the commencement of the 
experimental run already described, before any current was 
passed, it was found to be 1.60 v for the observed ceil and 
the average cell back emf for the 32 cells was found to be 
1.59 v. Corresponding initial cell temperatures were 10° 
and 9.5°C, respectively. The current was then switched 
in at a very low amperage and gradually increased to 40 
amp. Simultaneously, voltage readings were taken and it 
was found that cell voltage increased nearly linearly with 
current over this range. The circuit was then broken and 
the back emf was again measured. This was now found 
to be 1.75 for the observed cell and 1.85 (avg) for the 
remainder. It showed no tendency to fall below this 
value on being left standing for 30 min. The current 
was again switched in after this interval and again in- 
creased by stages. It was now found that the voltage 
increased regularly with the current, the shape of the 
current-voltage curve being generally similar to those 
obtained by plotting data given in Tables IV, V, and VI. 
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There was no evidence of a definite decomposition voltage 
at any stage. 

After the cells had settled down, some measurements 
were made to determine the back emf of the cells at various 
current values. The method adopted was simply to open 
the main switches of tke cell circuit at the current values 
selected and observe changes in cell voltage. These meas- 
urements could not be very precise under the conditions 
of the experiment, but they definitely indicated a back 
emf corresponding to each current value which was re- 
producible. On cutting out the cells it was observed that 
the voltage dropped suddenly to a certain value and then 
decreased very slowly thereafter. It was found that the 
back emf decreased slightly as the corresponding current 
was decreased. The decrease appeared to be fairly regular. 
In the vicinity of 1000 amp the recorded back emf was 
2.37 v; in the vicinity of 500 amp it was 2.32; in the 
vicinity of 200 amp it was 2.30 v. On reducing the current 
to zero slowly and then isolating the cells it was found 
to be approximately 2.10 v but this value seemed to 
depend on the rate at which the current was reduced before 
isolating the cells. On leaving the cells standing on open 
circuit the emf fell to 1.85 v in 1 hr. These measurements 
were made at 25°C. 

It was noticed in the course of the foregoing experiments 
that the needle of the voltmeter frequently paused mo- 
mentarily at a somewhat higher value than that at which 
it steadied and which was taken as the back emf. For 
instance, at 670 amp when the cells were quickly isolated, 
the voltage dropped rapidly, paused at about 2.4 v, and 
then quickly dropped to the value 2.34 v. Although 
successive readings were not very concordant, there is an 
indication that this happens at all parts of the current 
range investigated. It might have been, however, an 
inductive effect. 


DIscussION AND CONCLUSION 


Variation in cell voltage at 25°C with electrode current 
densities appears to be accounted for adequately by 
Eq. (1) for anode current densities above 0.005 amp/cm?. 
At lower anode current densities, calculated values deviate 
from those observed. Indeed, the closeness of the agree- 
ment between observed and calculated voltages above this 
value is rather surprising since one would expect greater 
irregularities in measurements involving electrode over- 
voltages which were not made under very carefully con- 
trolled laboratory conditions. Fluctuations of at least 0.05 
v would be expected and variations in the condition of the 
electrode surfaces should be reflected in variations in 
overvoltage values. 

A laboratory investigation confirmed the results reported 
above (9). The experimental cells used were fitted with 
graphite anodes and iron cathodes. A linear equation in 
the form of (1) was found in all cases to apply above 0.015 
amp/cm?, the value for the constant at 25°C being always 
close to 1.1 v., and the reproducibility of the measure- 
ments was sufficient to justify the conclusion. 

The most obvious interpretation is that above a certain 
anode current density the reaction system adjusts itself to 
constitute a cell having a reversible potential of 1.09 v. 
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This in turn suggests that the anode of a chlorate cell is 
essentially an oxygen electrode rather than a chlorine 
electrode. On the other hand, at very low current densities, 
the anode probably behaves as a chlorine electrode and 
this conclusion would appear to accord with the results of 
Foerster, Miller, Luther, and others (4). It may be said 
in passing that the behavior of the cell voltage at low 
current densities noticed in the present experiments was 
generally what would be expected from the results of 
these workers. 

It would be interesting to repeat calculations using 
chlorine overvoltages instead of the oxygen values. How- 
ever, comparable values for chlorine overvoltages on 
graphite at 25°C are not available for current densities 
below 0.04 amp/cm?, that is, for a great part of the range 
considered above. Nevertheless, if the values given by 
Knobel and co-workers (6) are plotted against current 
density as was done in the case of the oxygen overvoltages, 
the chlorine overvoltage curve so obtained is parallel to 
the corresponding oxygen curve in the range 0.04—0.20 
amp/cm?. In fact for this range, Vo ~~ Vor + 0.84 v. 
Assuming that this parallelism continued down to low 
values for the anode current densities, experimental 
results would be equally well expressed by the equation: 


Eos = 1.93 + (Vai + V.) + RI (IT) 


Considering the cell back emf, at about 800 amp, this 
was approximately the same as that noted by Knibbs and 
Palfreeman (1) for a cell which had a Pt anode. However, 
they found that the back emf was independent of current 
density over a fairly wide range, whereas the present 
experiments indicated a decrease with current density. 
It is to be noted that they attempted to correlate their 
results with Newbery’s overvoltage values, but were un- 
able to account for the cell voltage on this basis. Why this 
was so is now clear. Newbery’s overvoltages were obtained 
by the original commutator method which only measures 
a part of the total electrode polarization when the current 
is flowing. In addition, the back emf does not measure 
the quantity represented above as 1.09 + V, + V., 
the discrepancy between this quantity, (2.71 v at 1000 
amp in the foregoing experiments), and the back emf 
corresponding (2.37 v) apparently arising in the same 
way as the similar discrepancies noticed between over- 
voltages measured by the direct and commutator method. 
Hence, the precise significance to be attached to back emf 
measurements in the present case is not clear but it may 
possibly be worth noticing that the values obtained by 
Newbery (10) for a laboratory cell with carbon electrodes 
and H,SO, bear a close resemblance to the values noted 
above. 

Over-all, the results appear to be in harmony with the 
idea that both hydroxy] and chlorine ions are discharged at 
the anode. This conclusion would seem consistent likewise 
with the results of Pfleiderer (5) and earlier workers. It 
is also supported by the work of Glasstone and Hickling 
(11) and accords with the theory of the process recently 
given (12). Hydroxy] discharge and the associated oxygen 
overpotential perhaps may be the principal factors deter- 
mining the anode potential at appreciable current densi- 
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ties. In any case, the results furnish a basis for assessing 
the energy efficiency of a chlorate cell at specifie current 
densities. 
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Influence of Impurities in the Electrolyte in Chlorine-Caustic 
Electrolysis by the Mercury Cell Process 


VI. Investigation of the Influence of Graphite Particles on Amalgam 


Decomposition and Cathodic Current Efficiency 


Gésta ANGEL, BRANNLAND, AND Stig DAHLERUS 


Division of Applied Electrochemistry, Royal Institute of Technology, Stockholm, Sweden 


ABSTRACT 


The influence of graphite particles on the Hg cell process for the production of chlorine 
and caustic soda has been investigated using the technique described in a series of earlier 
papers, viz., partly by shaking sodium amalgam with buffered solutions of NaCl and 
measuring the decomposition rate, and partly by studying the cathodic current efficiency 


of a Hg cell for laboratory use. 


The experiments show that the effect of moderate quantities of graphite (< 3 g/l) 
is small in pure brine but that, in the presence of Mg or Al, the loss of current efficiency 
is appreciable. The simultaneous presence of graphite and either Fe, Ca, or small quanti- 
ties of V (< 0.1 mg/l) does not affect the electrolysis process. Silicates and stannates 


inhibit the action of the graphite particles. 


Besides the metallic impurities earlier investigated 
(1-5), graphite is usually present in technical brines, viz., 
in the form of a suspension. Opinions are very much 
divided about the influence of the graphite; considering 
the action of graphite in the amalgam decomposer, a 
strong decrease of the cathodic current efficiency may be 
expected in the presence of graphite particles in the brine. 
On the other hand, it has been shown practically that it 
is possible to run a Hg cell with an extremely graphite-rich 
brine without any noticeable influence on the current 
efficiency. 

In order to elucidate the effect of the graphite, a series 
of experiments with graphite-contaminated brines was 
performed. The investigation was carried out partly as 


amalgam decomposition experiments and partly as electrol- 
ysis experiments in a laboratory cell. Varying particle 
size and concentration of the graphite as well as the simul- 
taneous presence of Mg, Al, Fe, and V were investigated. 
In all cases, the graphite powder was obtained by crushing 
and screening fresh anode pieces of various origins. 


AMALGAM DeEcoMposITION EXPERIMENTS 


Complete agreement could ‘not be expected between 
amalgam decomposition and electrolysis experiments 
since the reaction conditions are quite different in the two 
cases. In the latter, a well-defined cathode film is formed 
over a quiet Hg surface (6) and the graphite particles are 
affected mainly by convection forces caused by the gases 
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formed at the cathode. In the former, the contact surface 
between brine and Hg is continuously regenerated and 
simultaneously a relatively high concentration of buffer- 
ing substances contributes to a breakdown of the alkaline 
film at the Hg surface. Furthermore, the graphite particles 
come into very close contact with the Hg phase when, due 
to shaking, thin layers of the brine are forced toward the 
walls of the reaction vessel by the Hg. Deviations in results 
of the two types of experiments, however, make it possible 
to draw important conclusions concerning the mechanism 
of the reactions investigated. 

Amalgam decomposition experiments were carried out 
in exactly the same manner as those described earlier 
(1-3) except that a certain quantity of graphite powder, 
after careful washing and classification with respect to 
particle size, was added to the buffered brine. The decom- 
position rate of the amalgam was studied by measuring 
the volume of H formed per minute. 

Influence of particle size-—The following particle sizes 
were investigated: Go < 0.30 mm; G, 0.30 — 0.43 mm; 
G, 0.55 — 1.00 mm. 

The experiments showed that the large particles were 
crushed in a few minutes to smaller dimensions. Some 
representative results are shown in Fig. 1. These curves 
indicate that larger particles would have only a small 
effect but, due to crushing, form a finer and more active 
powder. For unknown reasons, the finest grains on the 
other hand seem to be gradually de-activated. 
Influence of graphite concentration—-A series of experi- 
ments was performed with the smallest particle size 
(<0.3 mm) in which the graphite concentration was 
varied. These experiments demonstrate, Fig. 2, that the 
reaction rate increases with increasing graphite concen- 
tration only to a certain extent. However, for higher 
graphite concentrations, the reaction rate falls off gradu- 
ally, possibly due to an agglomeration of the graphite par- 
ticles to larger aggregates. 

Influence of graphite in the presence of metal ions.—In the 
presence of 250 mg/l of the finest graphite fraction, the 
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Fic. 1. Amalgam decomposition rate’ vs. particle size 
(500 mg/l graphite). 
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Fic. 2. Amalgam decomposition rate vs. graphite concen- 
tration (particles <0.30 mm). 


effect of a number of cations, viz., Fe, Mg, and Al, was 
studied. Their concentrations in the brine were 25 mg/l 
in the case of Fe and Mg and 5 mg/l in the case of Al. 
In all experiments no increased H evolution beyond that 
of the pure graphite effect could be observed. 


ELECTROLYSIS EXPERIMENTS 


Experiments were performed in the apparatus previously 
described (4, 5). In order to facilitate the reaction in the 
amalgam decomposer, an electric preheater for the water 
was supplied. A temperature of 40°-60°C in the secondary 
cell was thereby obtained and the electrolyzer could be 
run without difficulty with a cathodic current efficiency 
of 99.6-99.9%. The brine feeding rate was 0.40—0.45 
l/h, the current density 25 amp/dm?, and the Hg circula- 
tion rate about 10.4 ml/min, corresponding to a Na con- 
centration of 0.1% in the amalgam. Current efficiency was 
determined either by analysis of the departing Hg or by 
determination of the H content in the chlorine gas. 

Since it was impossible to maintain a uniform graphite 
content in the feeding brine, graphite was added directly 
to the electrolysis cell. When other impurities were investi- 
gated, the cell was fed with brine containing the actual 
metal salt, while the graphite was added directly to the 
cell. 

Influence of particle size—For electrolysis experiments 
with pure brine, a weighed quantity of graphite (0.1 g) 
dispersed in saturated brine, was added to the cell. 

No influence on the electrolysis process could be observed 
with particle sizes > 0.3 mm. Graphite particles did not 
seem to come into contact with the cathode, were grad- 
ually broken up into smaller pieces, and were conveyed 
out of the cell together with the departing brine. 

With particle sizes < 0.3 mm, a slight H evolution was 
observed (0.5-1.5%) immediately after the graphite addi- 
tion, but the electrolysis then proceeded undisturbed and 
the graphite was gradually removed with the brine. 
H evolution was mainly concentrated at the Hg seal and, 
to a very slight extent, at the boundary between Hg and 
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glass wall. Graphite entered the cell as a thick suspension 
and part of it was immediately conveyed by the Hg to the 
seal where, owing to the vigorous streaming of the Hg, it 
came into contact with the amalgam, the decay of which 
was thereby promoted. After the graphite had become 
more uniformly dispersed in the cell, H evolution ceased. 
Influence of graphite concentration.—Graphite was added 
in quantities up to 0.4 g, corresponding to about 3 g/l 
in the cell. No measurable increase in the activity in this 
concentration range and also no differences between 
graphite samples of various origins could be observed. 
Thus, graphite particles in otherwise pure brines do not 
interfere with the electrolysis process. 

If very large graphite particles fall on to the cathode, 

they may come into direct contact with the Hg and, owing 
to the low overvoltage of H on graphite, H gas is formed 
at the graphite surface. Since such pieces generally have a 
small area compared with the whole of the cathode, the 
resultant H evolution seems to be of no_ practical 
importance. 
Influence of graphite and Mg when present simultaneously. 
—On electrolyzing Mg-containing brine, it was found that 
the addition of graphite may have a disastrous influence 
on the current efficiency. It has already been reported (5) 
that, with high Mg concentrations, the cathode is covered 
with a layer approximately 1 mm thick, probably consist- 
ing of a mixture of hydroxide and amalgam. 

If graphite is present in the brine, it will stick in the 
hydroxide film and thereby come into firm electrical con- 
tact with the Hg. Owing to the low H overvoltage on 
graphite and the large surface of the graphite particles, a 
very considerable decrease in the cathodic current effi- 
ciency is caused. Fig. 3 shows a typical current efficiency 
curve from an experiment with 5 mg/l Mg and 0.1 g 
graphite. Only the first part of the curve (corresponding to 
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Fria. 3. Cathodic current efficiency vs. time (5 mg/l Mg + 
100 mg/l graphite, particles <0.30 mm). 
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10-min electrolysis) could be reproduced exactly since 
the hydroxide film caused a very irregular streaming of 
the Hg and, hence, considerable error in the analyses. 
The reaction seemed to be practically independent of 
the quantity of graphite added; experiments were per- 
formed with graphite additions down to 0.01 g with a 
current efficiency of about 40%. Brines containing 1.0 
and 2.5 mg/l Mg were also investigated, but in these cases 
no decrease in the current efficiency could be observed. 
Thus the experiments show that Mg in concentrations 
above 5 mg/l and in the presence of graphite particles 
affect the cathodic current efficiency disastrously. How- 
ever, owing to the special streaming conditions of Hg, the 
electrolysis cell used for these experiments is considerably 
more sensitive to impurities of this kind than are technical 
Hg cells. 
Influence of Al and graphite when present simultaneously.— 
In experiments with Al as a brine contaminant (5), it 
was found that this also forms a thin cover on the Hg. If 
graphite particles were present simultaneously, they stuck 
in the layer and, with 5 mg/| Al, a reaction analogous 
to that of Mg-containing brine was obtained, ef. Fig. 3. Cur- 
rent efficiency thus decreased to about 40%. Experiments 
with 1.0 and 2.5 mg/l Al caused no decrease in current 
efficiency. 
Influence of graphite and either V, Fe, or Ca when present 
simultaneously.—Addition of graphite to a solution con- 
taining either V (100 y/l), Fe (10 mg/]), or Ca (25 mg/l) 
had no influence on current efficiency. 


DE-ACTIVATION OF GRAPHITE BY ADDITION OF SopIUM 
SILICATE OR STANNATE 


In a special series of experiments it was shown that it 
is possible to de-activate the interfering graphite particles 
by addition of sodium silicate or sodium stannate (10- 
50 mg/l Si or Sn). Both of these substances were very 
efficient inhibitors of graphite and the blank values for 
H evolution, i.e., values obtained with pure brine, were 
obtained in amalgam decomposition experiments with 
250 mg/l graphite. This de-activation of the graphite 
particles may depend possibly on a covering of the electro- 
chemically active centers on the particles with inhibitor 
molecules which are deposited on the graphite when the 
pH is lowered. This is also indicated by the fact that the 
sedimentation rate of the graphite particles is consider- 
ably increased on addition of both these inhibitors. 

However, it should be observed that the colloidal silicic 
and stannic acids may be transported to the cathode in the 
electrolysis cell, thus hindering the diffusion of the Na ions 
and causing H evolution. Consequently, it would appear 
necessary to allow the inhibitors to flocculate and then to 
separate the precipitate from the brine before it is added 
to the cell. 


SUMMARY 


The experiments have shown that graphite particles 
have a negligible influence on the cathodic current effi- 
ciency in Hg cells when the brine is pure. In the presence 
of Mg and Al in concentrations sufficient to form a hydrox- 
ide layer on the cathode, graphite particles cause an 
additional H evolution which decreases the current 
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efficiency to about 40%. Silicates and stannates inhibit 
the action of graphite particles. 

These results explain why, in the chlorine-caustic field, 
one is generally anxious to avoid graphite in the brine 
whereas, on the other hand, examples are known of tech- 
nical brines with high graphite contents which were 
regularly used without disturbances. Evidently these 
brines must have been very pure with respect to inter- 
fering metal salts. 
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Streaming Potential in Spherical-Grain Sands 


WILLIAM SCHRIEVER AND Cart E. 


Department of Physics, University of Oklahoma, Norman, Oklahoma 


ABSTRACT 

Streaming potentials in very uniform spherical-grain sands were measured with doubly 
distilled atmosphere-saturated water and with NaCl, NaI, NasSO,, MgSO,, and MgCl. 
solutions. A vacuum tube electrometer was used to measure the potential differences. 

The streaming potential, V, was directly proportional to the pressure difference, P, 
in every case, and V/P was independent of changes in configuration of the sand matrix 
as well as changes in its porosity and its length. A variation of V/P with grain diameter 
was only partially accounted for by surface conductance alone. Also neither Wood’s 
equation nor Ghosh, Rakshit, and Chattoraj’s equation fit the data well. 

The data fit the empirical equation: 

V/P = (V/P)(1 + k/d + k*/d*) exp(—k/d) 

where (V/P), is the value approached in sands having large grains. For water k = 535 
X 10 w and (V/P) = 51.2 mv/cm-of-water. k is characteristic of spherical-grain sands 
since it was the same for all solutions, and (V/P), is a function of solution composi- 
tion at constant temperature. The ¢ potential of a water-glass interface has a positive 
temperature coefficient whose approximate value is 0.039/°C, and the streaming poten- 


tial has a positive temperature coefficient of 0.0535/°C. 


It has long been known that the streaming potential for 
a liquid flowing through circular capillary tubes, all of 
one kind of glass, is proportional to the pressure difference 
and is independent of the length and radius of the tube. 
One might infer from this that the streaming potential 
per unit of pressure difference for a column of sand should 
be independent of the length of the column and of the 
diameter of the sand grains if the flow is laminar. In fact, 
the Helmholtz-Smoluchowski (1) theory predicts that the 
streaming potential is independent of the size and shape 
of the pore through which the liquid flows. A development 
given by Kruyt (2) leads to the same result. However, Bull 
and Gortner (3) reported a dependence of streaming 
potential on grain size for sand columns composed of 
sieved crushed quartz grains; for the smaller sizes the 
streaming potential decreased with the grain size. Their 
attempts (4) to explain these results by using the meas- 
ured conductance of the liquid-filled matrix, instead of the 
conductance of the bulk liquid, were not completely 
successful. 

Later Bull and Moyer (5) attempted to account for 
Bull and Gortner’s results by taking into account the 


influence of the surface conductance, the electrical back- 
pressure due to the electro-osmotic effect, and the change 
in viscosity of water with the capillary size. Their conclu- 
sion was: “The peculiar results obtained by Bull and 
Gortner with quartz particles...are still unexplained 
and are apparently inexplicable on the basis of any of the 
above calculations’’. 

Rutgers (6) studied the variation of the ¢ potential 
with the radius of the capillary. By taking into account 
surface conduction he arrived at the “true zeta potential” 
from the measured values computed by the use of the 
Helmholtz-Smoluchowski equation. His expression for the 
true ¢ potential is: 


= + 2A,/rd) (I) 


where {9 is the measured value, \, is the surface conduc- 
tivity, \ is the conductivity of the solution, and r is the 
radius of the capillary. 

Wood (7) arrived at a Helmholtz-Smoluchowski type 
equation in which the conductivity term ), is the effective 
conductivity of the tube of solution; thus surface conduct- 
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ance is taken into account. By making certain assumptions 
he arrived at an expression for the streaming potential in 
a column of sand, namely: 


nV\./P = M — A/d (II) 


where 7 is the coefficient of viscosity, V is the streaming 
potential for a pressure difference P, d is the diameter of 
the sand grains, and M and A are empirical constants. 
He found that a proper choice of M and A made this 
equation a good fit to Bull and Gortner’s data for quartz 
sands. 

It is interesting to note that Rutger’s equation can 
lead to an equation similar to Wood’s if Wood’s assump- 
tion, that the effective diameter of the pore space between 
the sand grains is directly proportional to the diameter of 
the grains, is made. When this is done one can write: 


P/nVi = N + B/d (III) 


where \ is the conductivity of the solution, and N and B 
are adjustable constants. 

Ghosh, Rakshit, and Chattoraj (8) arrived at a relation 
for the ¢ potential, determined in a sand, that is exactly 
of the same form as Eq. (I). Therefore, their equation 
leads directly to Eq. (III). They tested their equation 
with the data of Bull and Gortner and found it satisfactory. 

It may be observed that if A/d in Eq. (ID) is very 
small compared to M, the reciprocal of (M — A/d) is 
approximately equal to (M + A/d), and that therefore 
Eq. (II) can be put in the exact form of Eq. (IIT). Both 
of these equations are empirical equations even though the 
capillary tube theory was used as a background in setting 
them up. They differ in that Eq. (II) takes surface con- 
ductance into account in A; and any other effect of grain 
diameter in the terms M and A/d, whereas Eq. (IIT) 
takes account of both of these effects in the two terms NV 
and B/d. 

In order to make certain practical applications of stream- 
ing potential it is important to knew how the streaming 
potential in a sand column depends on the size of the sand 
grains. In the study of this problem it was deemed advis- 
able to use the most nearly ideal sands that could be 
provided, namely, sands each composed of spherical glass 
grains of very uniform size. 

The purpose of this research was to establish the effect 
of grain-size on streaming potential in spherical-grain 
sands and to determine the effect of temperature and 
solution composition on such streaming potentials. 


EXPERIMENTAL 
Apparatus 


Flow-tubes.—Two flow-tubes were used. The first was 
constructed of a rod of Lucite by boring an accurate hole 
2 cm in diameter throughout its entire length. Two accu- 
rately machined Lucite pistons were arranged so that the 
distance between them was adjustable over a range of 
11 em. Holes were drilled in each piston to allow liquid to 
pass freely through it, and a 150-mesh (58 mesh/em) Pt 
sereen, forming the face of the piston, served both as a 
potential probe and to prevent the sand from passing 
through the holes. A port-hole provided with a plug and 
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covered by a cap was made in the side of the tube; this 
permitted additions of sand to be made without completely 
disassembling the apparatus. 

This flow-tube was mounted in a metal box which was 
partially submerged in a thermostatically controlled water 
bath. It was found necessary to use a stirrer driven with 
an induction motor since arcing at the brushes was 
observed to disturb seriously the potential measuring 
electrometer. 

The pressure on the solution was supplied by compressed 
air acting on top of a glass piston in a large vertical glass 
tube which served as a reservoir. The liquid was heated to 
the desired temperature by an electric preheater. Thie line 
from the reservoir to the flow-tube was Pyrex glass. Very 
short lengths of Saran tubing were used for connectors. 
The pressure difference across the sand column was meas- 
ured wit a suitable mercury and water manometer. The 
volume rate of flow of the solution was determined with a 
calibrated flow-meter which consisted of an inclined open- 
end manometer for indicating the pressure difference across 
a short length of small-bore tubing. 

The entire system was electrically shielded with sheet 
metal, and shielded leads connected the electrodes in the 
flow-tube to the shielded electrometer. All metal shielding 
was grounded to a water pipe. 

Preliminary experiments with this plastic flow-tube 
revealed a variation of streaming potential per unit of 
pressure difference, V/P, with the diameter of the sand 
grains. Although different batches of the distilled water 
used for these experiments were as nearly identical as 
could be produced by a careful double distillation, one 
could not be certain that at least a part of the observed 
change of V/P with grain diameter was not due to slight 
variations in the distilled water. Therefore, a second flow- 
tube was constructed in such a manner that exactly the 
same liquid flowed through each of the different sands. 

This second flow-tube was made of a 1.5 cm. diameter 
Pyrex glass tube. Five 1 cm-long No. 28 B&S gauge Pt 
wire probes were sealed through the wall of the tube at 
3.5 em intervals. Directly above each electrode an open 
manometer tube was sealed to the flow-tube. Two addi- 
tional Pt electrodes were sealed through the glass near 
each end of the flow-tube; these were used to send an 
electric current through the sand columns during the 
resistance measurements. Each of the four 3.5-cm intervals 
was filled with a sand having a different grain diameter. 
The ends of this flow-tube were equipped with ground 
joints so that the flow of the solution could be reversed 
easily through the contiguous sand columns. The solution 
was supplied at the desired constant pressure from a 
Mariotte’s bottle which was mounted on a vertically 
continuously adjustable platform. A plug of glass wool 
prevented the sand from entering the lower end of each 
manometer. The volume rate of flow was calculated from 
the mass of the solution caught in an observed time inter- 
val. This entire system was mounted in a wire screen cage 
and shielded leads were used to connect the probes to the 
electrometer. 

Spherical grain sands.—The sands were composed of 
spheres of soft glass.! They were sorted very carefully by 
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retaining only those spheres which stuck in the meshes of 
the appropriate Tyler sieves. Four sizes were prepared: 
50, 80, 90, and 100-mesh (0.300, 0.175, 0.153, 0.147 mm). 
After sorting, beads of each size were washed in water 
containing a detergent, rinsed several times, and dried. 
The beads next were washed in concentrated nitric acid 
for 24 hr, and then at least 12 times in doubly distilled 
water until the pH of the water was the same before and 
after rinsing. Finally the beads were dried in an electric 
oven at 400°C. 

Liquids —The water was distilled first in a tin-lined 
still and then in an all-Pyrex glass system. It was allowed 
to stand in contact with the atmosphere with periodic 
stirring for 2-4 days, after which it was found that the 
Beckman pH meter indicated a constant pH in the range 
5.48-5.65. 

NaCl solutions in concentrations of 10~*, 1074, 
and 10-* mole/kg of water, and solutions of concentrations 
10-*, 10-4, and 10~* mole/kg of each of the salts MgClo, 
MgS0O,, Na.SO,, and Nal, were prepared with the dis- 
tilled water described above, and with AR grade salts. 

Electrometer—A vacuum-tube electrometer having a 
Victoreen 5803 electrometer tube, was used to make all 
potential difference measurements. The circuit included 
a multiple contact key which, when depressed connected 
a highly insulated 0.001 mf condenser to the two probes 
whose potential difference was desired; when the key was 
released it connected the charged condenser to the grid 
and filament of the tube. The resulting change in plate 
current was indicated by the steady deflection of a criti- 
cally damped galvanometer containing the magnet and 
coil of a L&N type 2420 instrument, but having a 50 em 
scale distance. The electrometer contained its own cali- 
brating circuit. It was found that the scale deflection was 
directly proportional to the potential difference of the 
condenser for steady deflections both to the right and to 
the left of zero. The two sensitivities used were 3.63 mv/ 
mm and 10.06 mv/mm. 

The rate at which charge was delivered by the streaming 
through a sand column was found to be so small that it 
required nearly 5 sec to charge the 0.001 mf condenser to a 
potential difference of the order of 0.1 v. Therefore the 
key was depressed for 5 see for each potential measure- 
ment; this gave duplicable results. 

It was found necessary to have all elements of the grid- 
probe circuit, including switches and the multiple-contact 
key, provided with polystyrene insulation. The shielded 
leads to the probes had polyethylene insulation. 

Microammeter.—A two-megohm potential divider con- 
nected across a 45-v dry-cell battery was used to send a 
current through a sand column for resistance measure- 
ments. This current was measured with a Rubicon gal- 
vanometer shunted with a critical-damping resistor of 
12,000 ohms. This current meter had a sensitivity of 
2.28 amp/mm. 


Experimental Procedure 


The procedure for obtaining data showing streaming 
potential as a function of pressure difference was essentially 
the same for both flow-tubes. The sand was placed in the 
flow-tube in the presence of water to insure the removal 
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of all the air. The tube was jarred gently with a rubber 
mallet, and mechanical pressure was applied to pack it 
securely in place. In the case of the plastie tube, pressure 
was applied by tightening the plastic screw above one of 
the pistons. 

The sand column was then flushed out by running the 
desired liquid through it for an hour. Next, the liquid- 
filled column was allowed to stand for 24 hr after which 
it was thoroughly flushed out again. In addition, just 
before streaming potential measurements were made the 
liquid was allowed to flow through the system for about an 
hour, the flow was stopped, and the potential difference of 
the probes was measured; hereafter, this is designated the 
self-potential of that pair of probes. 

The flow was started again and, after the system reached 
dynamic equilibrium as indicated by the manometer, the 
potential difference of the probes was measured again. 
Such potential differences were then measured for various 
pressure differences. After the series of measurements at 
different pressures was completed the self-potential was 
measured again. This self-potential was subtracted from 
the potential difference observed during the streaming of 
the liquid; this difference was the observed “streaming 
potential”. These observed streaming potentials turned 
out to be zero for zero pressure difference, to within the 
reproducibility of the measurements. For each pressure 
difference the volume rate of flow was measured. 

At the end of each set of measurements at various pres- 
sures the electrical resistance of the liquid-filled sand 
column was measured. This was achieved by measuring the 
fall of potential across the sand column for a measured 
direct current through the column. In the plastic flow- 
tube the current was introduced at the screens; it was 
always less than 3 X 1077 amp. In the Pyrex flow-tube 
the current was introduced at the two end-electrodes and 
the potential differences of the different pairs of probes 
were measured; again the currents were kept below 
3 X 1077 amp. 


RESULTS 


Streaming potential as a function of pressure difference.— 
A typical set of curves depicting streaming potential, V, 
as a function of pressure difference, P, for four sizes of 
spherical-grain sands, is shown in Fig. 1. These curves were 
obtained with the Pyrex flow-tube. 

Similar sets of curves were obtained for the doubly dis- 
tilled atmosphere-saturated water and for each of the 
solutions listed earlier. In every case V was found to be 
directly proportional to P. Usually the pressure differ- 
ences ranged from 1 to 10 cm-of-water for the 100-mesh 
beads and from 1 to 3 em-of-water for the 50-mesh beads. 
For the water V/P varied regularly from 42.5 mv/em-of- 
water for the 50-mesh beads to 13.4 mv/cm-of-water for 
the 100-mesh beads. The value of V/P decreased with 
increasing concentration of solution. 

Streaming potentials in several sand columns were 
measured up to pressure differences of 1 atm. Here again 
V was found to be directly proportional to P. 

The resistances of the water-filled sand columns in the 
Pyrex tube varied from 3.2 x 10° ohms for the 50-mesh 
to 1.7 X 10° ohms for the 100-mesh beads. Resistances of 
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the salt-solution-filled sana columns were less than those 
for water, and they decreased with increasing concentra- 
tion for each salt. 
In every case the volume rate of flow through a sand oad if 
column was proportional to the pressure difference. Rates 7? 7 . 
of flow varied from 0.01 cm*/see at the lowest pressure z a 
used up to 0.12 cm/sec for the highest pressure differ- 200 = 7 yy, 4 
ences. For any one set of curves the temperature was held 5 7 YA 
constant in the neighborhood of 27°C. 9 77 - 
The data described above were used for making calcula- " = AIA 
tions concerning the variation of V/P with grain size. L & f “4 
Effect of configuration and porosity of the sand matrix \ : z 
on V/P.—The 90-mesh glass beads in the plastic flow- AL 
tube were used in these experiments. A fixed mass of the / L A- sien on mam 
beads was packed to a fixed length of column several LY 
different times; between packings the beads were 
thoroughly shaken up. With water as the liquid it was olf 1 ee ae 
6 8 10 12 “4 


found that the values of V/P obtained for the different 
packings agreed well within the reproducibility of the 
measurements. These data showed that V/P did not vary 
with the configuration of the matrix. 

A column of the beads approximately 17 em long was 
packed successively to porosities of 0.432, 0.411, and 
0.392. It was found that V/P was constant within the 
reproducibility of the measurements for these three pack- 
ings. As would be expected the volume rate of flow 
decreased regularly as the porosity decreased. These 
results show that V/P does not vary measurably with 
experimentally obtainable porosities. 

Effect of length of sand column on V /P.—Three different 
columns of the 90-mesh beads, having lengths of 4.05, 
13.23, and 17.02 em, were packed successively to the same 
porosity in the plastic flow-tube. It was found that V/P 
was the same for all three columns to within the repro- 
ducibility of the measurements. These results demon- 
strated that V/P is independent of the length of column 
of a spherical grain sand. 

Effect of grain diameter on V/P.—As was explained 
earlier the Pyrex tube with its four contiguous sand 
columns was designed especially for this study. Although 
exactly the same liquid passed through each column there 
was the possibility that modification of the liquid occurred 
during its passage through the successive sands. Two sepa- 
rate checks showed that such a change did not take place. 
First the pH’s of the incoming and outgoing liquid were 
measured, the latter being made after the liquid had been 
standing in the sands for 48 hr and then as a function of 
time thereafter. It was found after about an hour of flow 
that the two pH’s were the same. The second check was 
accomplished by reversing the flow through the entire sys- 
tem and observing V /P for each direction. It was observed 
that V/P for each of the four sand columns was the same 
for both directions of flow. If appreciable modification of 
the liquid had occurred during its passage through the 
four contiguous columns, this result would not have been 
observed. Thus it is clear that the change of V/P with 
grain diameter, as shown by Fig. 1, was not due to change 
in the constitution of the liquid. 

Exactly the same four sand columns were used in ob- 
taining all the data for all the solutions. It should be added 
that, before using the sands for the solutions of a new salt, 


PRESSURE DIFFERENCE IN CM OF WATER 


Fic. 1. Streaming potential as a function of pressure dif- 
ference for four sizes of spherical-grain sands. 
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Fig. 2. Streaming potential per unit of pressure difference 
as a function of grain diameter for water and NaCl solutions. 


the sands were washed with the doubly distilled water 
until the V/P for each sand had returned to the original 
value obtained with water. 

Variation of V/P with grain diameter for water and for 
the four concentrations of NaC] are shown in Fig. 2. Simi- 
lar curves for NaI, NasSO., MgSO,, and MgCl, are shown 
in Fig. 3. Each of the 15 different liquids exhibited a V/P 
that decreased with decrease in diameter of the spherical 
sand grains, and that for any one salt the magnitude of the 
decrease became less as the concentration of the salt be- 
came greater. 

Resistance of a liquid-filled sand column.—It has been 


suggested that the variation of the streaming potential 
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Fig. 3. Streaming potential per unit of pressure difference 
as a function of grain diameter for various concentrations 
of four different salts. . 
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Fig. 4. Effect of temperature on streaming potential 


with diameter of sand grain might be explained by the 
change in the fraction of the conductance of the liquid- 
filled sand column that is due to the conductance of the 
liquid-glass interface. For this reason the resistance of each 
liquid-filled sand column was measured by sending a meas- 
ured current of less than 3 X 10-7 amp from a battery 
through the four contiguous columns in the Pyrex flow- 
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tube, and then observing the potential drop between each 
pair or probes with the electrometer. The self-potential 
was subtracted from each of the observed potential dif- 
ferences. It was difficult to obtain satisfactory results, 
Fortunately, with four columns in series the resistance of 
two or more columns in series could be checked against the 
sum of the resistances of the separate columns. These re- 
sistance determinations were made with the liquid at rest 
in the sand but after the liquid had flowed through the 
sand for at least an hour. 

If the observed curves of the streaming potential as 
a function of grain diameter are to be explained solely 
by the increase in the surface conductance of the liquid- 
glass interfacial layer, then V/PR (R is resistance of 
column) should be independent of the diameter of the 
sand grain. Dividing the values of V/P in Fig. 2 by the 
appropriate resistances did bring the curves much closer 
together, but each curve still showed that V/PR decreased 
regularly with decrease in grain diameter, and to an extent 
that was much greater than the variability of the measure- 
ments. With water V/PR for the 300 wu sand was twice as 
large as it was for the 147 uw sand. 

Thus it must be concluded that the change in V/P with 
grain diameter for a uniform spherical-grain sand cannot 
be accounted for by surface conductance alone. 

Effect of temperature on V/P.—The volume rate of flow 
per unit pressure difference, Q/P, and the streaming po- 
tential per unit pressure difference, V/P, were measured 
as functions of the temperature, 0, with the plastic flow- 
tube apparatus. Doubly distilled water was the liquid and 
90-mesh glass beads formed the sand. These results are 
shown by two of the curves in Fig. 4. The data show that 
V/P was a linear function of the temperature between 
25° and 45°C. 

The fact that 7Q/P for any one sand was observed to be 
constant in accord with Darecy’s law, (7 is the coefficient 
of viscosity of water) showed that the flow was laminar. 
If the temperature coefficient of V/P were due almost en- 
tirely to viscosity changes, then 7V/P should be a con- 
stant for all values of @. Since 7Q/P is a constant, 
(nV /P)(yQ/P) = V/Q should be constant for all tem- 
peratures. The graph of V/Q as a function of @ is shown in 
Fig. 4. Since the value of V/Q increases about 25% in the 
temperature range 25°-45°C, the temperature coefficient 
of V/P cannot be due to changes in viscosity alone. 

The fact that V/QR changes even more rapidly with 
temperature than does V/Q (see curves Fig. 4) demon- 
strates that the change in conductance of the sand column 
with temperature is also an important factor in determin- 
ing the temperature coefficient of V/P. Other factors are 
treated later. 

Effect of concentration of solution on V/P.—Data ob- 
tained with the NaCl solutions are presented in another 
form in Fig. 5 which shows V/P as a function of log 1/c, 
where c is the concentration of the solution, for each of the 
four sizes of spherical-grain sands. Similar sets of curves 
were obtained for each of the other salts used. These curves 
are roughly of the form already reported by others (2, 9). 
They show that the effect of concentration on V/P dimin- 
ishes with the diameter of the sand grain and that V/P is 
small for NaCl solutions even as dilute as 10° mole/kg. 
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SODIUM CHLORIDE SOLUTIONS 
DIAMETER OF SAND GRAINS 


A 300 MICRONS 

B -- 200 MICRONS 
=- 150 MICRONS 
x D -- 100 MICRONS 


V/P IN MV/CM OF WATER 


SN 


7? 6 
= LOG CONCENTRATION IN MOLE/KG 


Fia. 5. Effeet of concentration of the solution on stream- 
ing potential per unit of pressure difference for four sizes 
of spherical-grain sands. 


Discussion oF RESULTS AND EMPIRICAL EQuaTIONS 


Effect of grain diameter on V /P.—Marked variations of 
V/P with diameter of the spherical sand grains were ob- 
tained for all concentrations of all the solutions (Fig. 2 
and 3). Since V/PR decreases with grain diameter, surface 
conductance alone does not account for all the variation 
of V/P with grain diameter. 

Data shown along the curves of Fig. 2 were used to test 
both Eq. (IT) and (IIT). Data for a fifth sand (d = 127 yu) 
were available; they were included. 

For any one solution 7, M, and A of Eq. (II) are con- 
stants. Therefore \,V/P should be a linear function of 
1/d if this equation represents the data. The plot was not 
a straight line. In fact the negative slope of the curve de- 
creased as the value of 1/d increased, which suggests that 
\.V/P was approaching a limiting value for very small 
sand grains. 

In Eq. (IID) 9, A, N, and B are constants for any one 
solution. Thus, a plot of P/V as a function of 1/d should 
be a straight line if this equation represents the data. 
Again the plot was not a straight line. In fact the positive 
slope of the curve decreased as 1/d decreased, which sug- 
gests that P/V was approaching a limiting value for very 
large grains. 

The following empirical equation was devised. 


V/P = (V/P)(1 + k/d + k/d*) exp (—k/d) (IV) 


where (V/P)q is the value of V/P for grains of large size, 
and k is a constant. In the constant (V/P), is included the 
factor ¢€/n where € is the dielectric constant of the solution. 

Data given for water in Fig. 2 were used to determine 
the constants (V /P), and k in the equation; the method of 
least squares as described by Scarborough (10) was em- 
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ployed, and the datum for the largest size grain was given 
extra weight. With d expressed in microns the value of k 
was found to be 5.35 x 10? uw and that of (V/P)q to be 
51.2 mv/cm-of-water. In Fig. 2 the curve for water repre- 
sents this empirical curve; observed data are shown also. 

The other four curves of Fig. 2 are also plots of this em- 
pirical equation for the four concentrations of NaCl. For 
all these curves the value of k was that determined from 
the data for water, namely 5.35 x 10? uw. Each value of 
(V/P)q was determined by the method of least squares 
from the observed data; again the datum for the largest 
grain diameter was given extra weight. The fact that these 
empirical curves fit the data fairly well indicates that the 
constant k& is the same for all concentrations of all the 
solutions and therefore is a characteristic of spherical- 
grain sands, and that (V/P)q is a function of the kind and 
concentration of the electrolyte. It is reasonable that V/P 
should be zero for d = 0, but V/P might become zero for 
d slightly greater than zero. It also appears reasonable 
that V/P should approach a limiting value (or perhaps a 
maximum) as d increases. 

These experimental results demonstrate beyond reason- 
able doubt that V/P varies greatly with the diameter of 
the grain for uniform spherical-grain sands. Bull and Gort- 
ner (4) observed much smaller variations of V/P with size 
of grain. However, their sands were made of sharp crushed 
quartz and they undoubtedly were sorted much less care- 
fully than were the spherical glass grains used here. 

Effect of temperature —In Fig. 4 the curve showing V/P 
as a function of temperature may be represented by an 
equation of the form: 


V/P = (V/P)2sl1 + 8(@ — 25)] (V) 


where (V/P)s5 is the value of V/P at 25°C, @ is the tem- 
perature in degrees, and 8 is a constant. The value of 8 
was found by the method of least squares to be 5.35 x 
107°C. 

The equation for streaming potential derived from 
fairly simple theory (11) is: 


V = (VI) 


where ¢ is the dielectric constant of the liquid, 7 is the co- 
efficient of viscosity of the liquid, \ is the electrical con- 
ductivity of the liquid, and ¢ is the ¢ potential. This has 
been reported (6, 12) to hold well for capillary tubes of 
circular section, especially if the effective conductivity is 
calculated from the measured resistance of the liquid- 
filled tube and the dimensions of the tube. Thus it appears 
reasonable to suppose that the streaming potential in a 
spherical-grain sand may be expressed as: 


V/P = Keff(d)/nd (VII) 


where f(d) is some function of the diameter of the sand 
grain, and K is a constant. 

It has already been shown in connection with Fig. 4 that 
the effect of temperature on 7 and \ together does not ac- 
count for all the effect of temperature on V/P, namely, 
V/QR varies with temperature. This variation (Fig. .4) 
may be expressed by an equation of the form: 


V/QR = (V/QR)o(1 + a6 + (VIII) 
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where (V/QR)po is the value of V/QR at 0°C, @ is the tem- 
perature in degrees, and a and b are constants. 

By Darcy’s law for laminar flow Q = SAP/nL, where S 
is the permeability of the sand matrix, L is its length, and 
A is its sectional area. Also the effective conductivity, 
\ = L/RA. From these relations Eq. (VII) can be written: 


V/QR = Kféef(d)/S (IX) 


The term Kf(d)/S is essentially constant for all tempera- 
tures. The dielectric constant of water varies with the 
temperature (13) according to the equation: 


€ = él — 79) (X) 


where é = 88 and y = 4.55 x 107*/°C. Since the ¢ poten- 
tial [Eq. ([X)] for a spherical-grain sand may be expressed 
as: 


(XT) 


its variation with temperature may be written, in view of 


Eqs. (VIII) and (X): 


S V\1 = 
t= 
The approximate magnitude of the temperature coeffi- 


cient of the ¢ potential may be calculated. Eq. (XII) may 
be written in the form: 


¢ = SV/KQRéf(d) 


= foil + (a + + (ay + + (XII) 


From the slope of the greater portion of the V/QR curve 
of Fig. 4 the approximate value of the temperature coeffi- 
cient of V/QR was found to be a = 3.4 & 10°2/°C. Since 
y = 4.55 & 107-*/°C the temperature coefficient of ¢ for 
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the water glass interface was approximately (a + y) = 
3.9 x 10°7/°C. 

Thus it appears that each of the four factors , A, ¢, and ¢ 
has a temperature coefficient and that the temperature co- 
efficient of V/P is caused by the combined effect of the 
temperature coefficients of these four factors. 


Manuscript received May 16, 1955. This paper was sub- 
mitted by C. E. Bleil to the University of Oklahoma in par- 
tial fulfillment of the requirements for the Ph.D. degree. 

Any discussion of this paper will appear in a Discussion 
Section to appear in the December 1957 JouRNAL. 
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The Galvani Electrode Potential 


Paci Rietscui 


Research Department, The Electric Storage Battery Company, Philadelphia, Pennsylvania 


ABSTRACT 


The surface potential of Hg can be evaluated by comparing the real potential a; 
(negative work function) of different impurity ions, dissolved in Hg. The real potential 
of an ion is the sum of a chemical term, corresponding to the interaction energy with 
the Hg in the bulk of the phase (depending on the ionic radius), and a constant electrical 
term corresponding to the surface potential of Hg (independent of the ionic radius). 

An electrostatic model is developed to calculate the chemical term of the real poten- 
tial. This chemical component becomes negligible for very large ionic radii, and the 
surface potential xug of Hg can be determined by extrapolation. A value of 0 < xug¢ 
+0.5 v is obtained. The fact that xn, is positive indicates that the surface dipoles of 
Hg are oriented with their negative poles against the vacuum. 

Using the free energies of hydration given by Latimer, a value of 0.44 < Ad < 0.94 v 
is caleulated for the Galvani electrode potential of a N-calomel electrode This result 
compares with the value of 0.5 v quoted by Latimer, Pitzer, and Slansky. The latter 


authors neglected the surface potential of Hg. 


The object of the present paper is to compute approxi- 
mately the surface potential of Hg and the Galvani poten- 
tial of the N-calomel electrode. It has recently been pointed 
out (1) that this can be achieved by ‘use of a thermo- 
dynamic cycle involving a dilute amalgam and a non- 


thermodynamic calculation of the interaction energies of 
impurity ions with the Hg in the dilute amalgam. In the 
following discussion a more accurate and detailed caleula- 
tion is presented. 

Guggenheim (2) considered the theory of electric poten- 
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tial differences between dissimilar media, based on the work 
of Gibbs (3). He claimed that such potential differences 
have no physical meaning and cannot even be defined, 
whereas Gibbs stated only that such potential differ- 
ences are not accessible to measurements and are ther- 
modynamically not defined. In more recent work, however, 
it was realized by theoretical electrochemists (4) including 
Guggenheim (5) that such differences of potential could 
be calculated in principle. However, Guggenheim’s older 
point of view has been taken by Grahame (6) in a recent 
review on the electrical double layer and it has been stated 
that a definition of an absolute potential difference is un- 
necessary, since it is possible to describe all the actual ex- 
perimental observations in terms of potential differences 
of the types already known. This is true for purely thermo- 
dynamic considerations. In studies on the kinetics of elec- 
trode reactions, however, and in all the cases where the 
electric fields at the interfaces are investigated, electric 
potential differences between the phases are important. 
The reality and importance of such potential differences 
ean hardly be denied in view of the fact that in all the over- 
voltage studies the changes of these potentials are observed 
and it is hard to see why a quantity whose changes can 
indeed be measured experimentally should not have a 
definite physical meaning. 

In fact, it is possible to calculate theoretically such elec- 
tric potential differences on the basis of an exact knowledge 
of the interaction energies between the particles in the bulk 
of the phases or on the basis of a precise picture of the free 
surfaces and especially the surface dipoles (surface double 
layer) of the phases against vacuum. The definition of the 
Galvani-potential given by Lange (7-9) has made it pos- 
sible to discuss the subject of electrical potential differences 
between dissimilar media without ambiguity. The terms 
“absolute,” “single,” or “true” electrode potentials should 
not be used in future discussions. It must be stressed, how- 
ever, that the Galvani potential discussed below corre- 
sponds precisely to the meaning of such “‘absolute,”’ ‘“‘sin- 
gle,” or ‘true’ electrode potentials which were considered 
to have no physical meaning by Guggenheim (2) and Gra- 
hame (6). 

In this discussion the Galvani, Volta, and surface po- 
tentials as introduced by Lange (7-9) are used. 

The electrochemical potential @; of a particle 7 in the 
bulk of a material phase can be written as the sum of 
three terms: 


B; = Zee + Zieox + wi (I) 


Z.eo is the charge of the particle 7; y is the Volta potential 
(outer potential); and Zj;eoy the electric energy involved 
in bringing a unit positive charge from a point at charge- 
free infinity to a point just outside the phase, where the 
influence of the image force is negligible, i.e., at 10~* em 
from the surface of the phase. x is the surface potential 
and Z,eox the electric energy required to transfer a unit 
positive charge from a point just outside of the phase, 
across the surface dipole layer, into the phase. yu; is the 
chemical potential or the energy corresponding to the in- 
teraction of the particle i with the other particles of the 
phase in which it has been transferred. The name ‘“‘chemi- 
cal potential” is misleading because all forces between 
atoms and ions are fundamentally electric in nature. yu; can 
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include terms of simple electrostatic interactions, polariza- 
tion interactions, dispersion interactions, ete., according 
to the nature of the material. 

The sum of the Volta potential y and the surface poten- 
tial x is defined as the Galvani potential @ 


o=¥+x (II) 


When a phase has no net charge, its Volta potential is 
zero. In this case it is convenient to define another poten- 
tial, viz., the real potential a;, 


a; = + (IIT) 


which is the negative work function of the ion i. The dif- 
ference between the Volta potentials of two phases may 
be determined experimentally (8, 9, 11), but the Galvani 
potential difference cannot be measured by any means. 


CHEMICAL AND SURFACE POTENTIALS OF 
AQUEOUS SOLUTIONS 


The real potential a; is a quantity which is determinable 
experimentally. The chemical potential 4; and the surface 
potential x are not measurable and can be calculated only 
on a theoretical basis, somewhat like the activity coeffi- 
cients in the Debye-Hiickel theory. 

According to Eq. (III) a calculation of the real potential 
a; of an ion in a condensed phase consists of two parts: 
(a) the calculation of the chemical potential , and (b) 
the calculation of the surface potential x. The apriori 
evaluation of the surface potentials is usually more diffi- 
cult than the evaluation of the chemical potential. There- 
fore, most workers have calculated only yw; and have es- 
timated the surface potential by comparison with the 
measured real potential a; (IIT)]. 

By this semiempirical method the surface potential x, 
of diluted aqueous solutions has been determined (4, 12, 
13). The index s designates a liquid phase (solution). x, 
is, of course, the surface potential of this liquid phase 
against vacuum. x is essentially independent of the elec- 
trolyte (8), if no electrocapillary active substances are 
present, and if the solutions are not too concentrated. The 
surface potential results primarily from the orientation of 
water multipoles, mainly dipoles, in the surface. The valid- 
ity of the results for x, depends on the reliability of the 
calculated values for the chemical potentials u; . Using the 
values for the free energy of hydration given by Latimer 
(14, 15), the surface potential of diluted aqueous solutions 
becomes (4, 12, 13, 16): 


x. = —0.33 v (IV) 


Latimer, Pitzer, and Slansky obtained the free energy of 
hydration for single ions by separating the experimental 
energy of hydration for salts according to the Born equa- 
tion (17). In order to fit this equation, 0.85A was added to 
the crystal ionic radii of the positive ions, and 0.10A to 
the crystal ionic radii of the negative ions. 

Many objections could be made again st the values for 
the free energies of hydration quoted by Latimer and cb- 
workers: 

1. The model of Born, who regarded the ion as a rigid 
sphere of radius r; and charge Ze in a continuous dielec- 
tric medium, is an oversimplification. 
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TABLE I. Free energy of hydration 


Metal Kceal/mole 
Li* —114 
Nat 
K* —74 
Rb* —68 
Cs* —61 
Be** —565 
Mg** — 434 
Cat — 363 
— 334 
Ba** — 304 
Zn** — 466 
Cd** —413 
A}*++ — 1090 
in** —965 


— 962 


2. The ion-dipole interaction in the primary hydration 
sheath is neglected. 

3. The repulsion between the ion and the water mole- 
cules is not taken into account. 

The theoretical values for the single ion free energies of 
hydration by Eley and Evans (18) are, according to Con- 
way (19), based on a more correct model; however, a dis- 
crepancy of 20-30 kcal/mole exists between added values 
given by Eley and Evans for cations and anions, and ex- 
perimental values given by Latimer for the salts. 

At the present time the assignment of values to the indi- 
vidual ions is still highly questionable. Values quoted by 
Latimer are used tentatively in this study. 

This assignment seems to be consistent with the abso- 
lute entropies of the single ions (15). 

Table I gives the free energy of hydration for some ions 
according to Latimer (14, 15). 

It must be pointed out that the use of enlarged radii 
“effective Born radii’’) in the theory by Latimer does not 
correspond strictly to the idea of dielectric saturation in 
the vicinity of the ion. The two models have been incor- 
rectly identified in the past. Fig. 1a illustrates the model 
used by Born (enlarged radii) and Fig. 1b the model with 
dielectric saturation in the vicinity of the ion. The elec- 
tric energy of the system 1a is given by: 


er, 


E (V) 


but the electric energy of the system in Fig. 1b is given by: 


re er, 


where é is the unit charge (1.6 10-" coulomb) Zi the 
valence of the ion 7, € the dielectric constant for vacuum 
(8.854 amp sec volt. m~), € the relative dielectric 
constant (vacuum = 1), 7; the crystal ionic radius (in 
meters) and r, the cavity radius (in meters). E is the elec- 
tric energy in wattseconds (Joule). 

If the ion in the initial state (at charge free infinity) has 
the enlarged radius r, in case la, but the correct crystal 
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Fic. 1. Models of hydrated ions (a) enlarged radii, (b) 
dielectric saturation. 


ionic radius r; in case 1b, then the free energy of hydration 
(for one particle) is the same for both instances, viz.:; 


| 
€ 


re (VII) 


which is the Born equation. 

If model of Fig. 1a is correct, the addition to the radii 
should be independent of the solvent and the free ions in 
a gas would have larger radii than in the crystals. En- 
larged radii for ions in a dissolved state have been proposed 
by Eucken (20, 21), but are unlikely in view of modern 
work on the electronic structure of atoms and ions. 

Both models are based on the use of a uniform dielectric 
constant in atomic dimensions, and are subject to the ob- 
jections mentioned above. 


SurFAcE PorentIALs oF METALS 


Theoretical calculation of surface potentials of metals 
has been attempted several times (22-24). Table IT illus- 
trates some results." 

Values in Table II have been obtained from the differ- 
ence between the real potential a, (negative work fune- 
tion) and the chemical potential u, of an electron in the 
metal. Calculations for u, , based on the simple electron 
gas theory, are valid only for the alkali metals. The surface 
potentials listed for Cu, Mg, Ca, Be are highly question- 
able. 

Recently it has been shown that there is still another 
way to evaluate the surface potentials of the metals (1). 
Summarizing shortly, this method makes use of a thermo- 
dynamic cycle involving an alloy system whereby only a 
trace of a foreign metal M’ is alloyed with a pure metal 
phase M. The following cycle is then applied: One mole 
of the added metal M’ is removed from the alloy. The re- 
moved metal M’ is thereafter vaporized, ionized in the gas 
phase, the ions and electrons are added separately to the 
alloy, and finally recombined in the bulk of the alloy to 
the initial state. From this cycle the real potential a; of 


the impurity ions can be obtained. 
-a; = -A+S+J-6-J* (VIID 


where A = free energy of alloying (free energy of mixing); 
S = free energy of sublimation of the metal M’; J = 


1 Parsons (10) gives a complete table of calculated surface 
potentials. Although the absolute values of the surface po- 
tentials are cited correctly by this author, the signs in his 
table are in error. The surface potentials of the metals must 
be given positive signs. 
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TABLE II. Surface potentials of metals 


Surface potential x M in volts 


Metal 
Herring (22) Seitz (26) 
Li 0.7 0.1 
Na 0.3 0.1 
K 0.2 0.4 
Cu 0.8 
Mg 2.5 
Be 5.1 


jonization energy for the first electron of M’; 6 = elec- 
tronic work function of the alloy (identical with the elec- 
tronic work function of the metal M); and J* = ionization 
energy of M’ in the alloy for the first electron (energy to 
lift an electron of the impurity center from its energy level 
to the conduction band of the alloy). 

The term J* is in many cases small and can be neglected. 
Sometimes J* can be determined separately (i.e., ioniza- 
tion energy of impurity centers in semiconductors). In the 
following treatment it is assumed that the impurity atoms 
are completely ionized and J* is therefore zero. It should 
be noted that the terms in Eq. (VIII) correspond to free 
energies, and a; depends, therefore, on the concentration. 

The real potential a; of impurity ions can be calculated 
with Eq. (VIII) from experimental data. According to 
Eq. (IIT) the real potential a; is the sum of the surface 
potential term Z,eox and the chemical potential yu; , the 
surface potential x now being constant for different im- 
purity ions and identical with the surface potential of the 
“solvent” metal M. 

Difference in the real potentials from one impurity ion 
to another must correspond to difference in the chemi- 
cal potentials. The differences may be obtained from ex- 
perimental data, and can be correlated to the radii and to 
the electronic configuration of the ions. 

Equations for the interaction energies between the im- 
purity ions and the excess metal can be derived on a quan- 
tum-mechanical basis (25, 26). These calculations are dif- 
ficult, especially for metals other than those of the alkali 
group, and show that the main interaction terms are in- 
versely proportional to the ionic radii or to the square of 
the ionic radii. In the following, a simple electrostatic 
model is used to estimate the interaction energy of ions 
dissolved in Hg. 

The dissolved ions are treated as small charged spheres 
with the crystal radii r;. They will be surrounded by a 
cloud of electrons in the Hg. 


WS 


Fig. 2. Model of an impurity ion in Hg 
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With this model the dissolved ion can be described as a 
very small spherical condenser, as it is shown in Fig. 2. 
The capacity of this spherical condenser is given by: 
rer 
¢ = —— 


Te — Ti 


(IX) 


where r; is the crystal radius of the ion, r, the cavity radius 
and ¢ the relative dielectric constant in the gap. 
The electric energy of this system equals 


E = . 
2c Sree 


(X) 


whereby : 
6 =r, —T; 


Since the electric energy of the free ion in vacuum is given 
by 


en)? 
(Zio) 5 (XI) 
the energy of amalgamation equals 
| 
wim = AE ri + 


The free energy of amalgamation, wi, varies inversely 
with the ionic radii r; . According to Eq. (III) the real po- 
tential then becomes: 
(Z eo)” 


aji= 


1- + Zieox (XIID) 
The term in the brackets becomes approximately 1 if 
one inserts reasonable values for 6 and e. (6 is probably in 
the order of 7'9 r; and € in the order of 10.) With these 
approximations one obtains: 
Cc 
+ Zieox (XIV) 
where c is a constant. A plot of the experimental values of 
the real potentials a; against 1/r; should therefore be a 
straight line. The intersection of this straight line with the 
ordinate at 1/r; = 0 corresponds to the surface potential x. 
It should be pointed out that an identical type of rela- 
tion between the chemical potential u; and the ionic radii 
r; could be derived on a quantum-mechanical basis (25, 26) 
which shows that the simple condenser model gives a rea- 
sonable result. In the less rigorous treatment given re- 
cently (1) it was assumed that the leading term of the 
chemical potentials of the impurity ions is inversely pro- 
portional to the square of the ionic radii. A relation of this 
type can be derived on a theoretical basis using the free 
electron theory and the theorem of Clausius, according to 
which the total energy of an electron equals the negative 
kinetic energy of the electron. The interaction energy be- 
tween the impurity ions and the Hg is then essentially 
determined by the Fermi-energy of the electrons (25). It 
should be noted that under this assumption the ionic radii 
should not be identified with the crystal ionic radii (given 
by Pauling) and that it is reasonable to assume them to 
be larger than the crystal ionic radii. This fact was, in- 
deed, confirmed in the cited paper (1). 
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TABLE III. Data on real potentials of impurity ions in Hg* 


Lit | —0.942 | 1.266 | 5.363 | 4.530 | —3.041 | 0.68 
Na* | —0.854 | 0.810 | 5.120 | 4.530 | —2.254 | 0.95 
K* | —1.040 | 0.634 | 4.318 | 4.530 | —1.462 | 1.33 
Rb* | —1.052 | 0.579 | 4.159 | 4.530 | —1.260 | 1.48 


Cs* | —1.070 | 0.531 | 3.870 | 4.530 | —0.941 | 1.69 


* Pauling’s values for the ion radii r; have been used 
with the exception of Li. For the latter metal the value 
quoted by Pauling (0.60A) is probably too small [see 
Strehlow (4), Latimer (15)]. The free energies of amalgama- 
tion A of the alkali metals have been taken from a recent 
polarographic study (27). The free energies of sublimation S 
are taken from ‘Selected Values of Thermodynamic Prop- 
erties,’’ National Bureau of Standards, Washington, D. C., 
Series 1, Tables 91-1 to 95-1 (1950). The ionization energies 
and the electronic work function 6,, of Hg correspond to the 
values given in ‘‘Handbook of Chemistry and Physics,”’ 
33rd ed., pp. 2125-2126 and p. 2129, Chemical Rubber Pub- 
lishing Co., Cleveland (1951/1952). 


Table III shows the data used to calculate the real po- 
tentials a; of alkali ions dissolved in mercury (energy 
terms in ev). 

The free energies of amalgamation A of the alkali metals 
are, of course, dependent on the concentration of the amal- 
gams. The influence of the concentration is, however, 
rather small since a factor of 10 in the concentration 
changes the value of A only in the order of 100 mv, which 
is less than the error limits for a; . The values of A listed 
in Table III correspond to polarographic concentrations 
(in the order of 10~* mole/liter). The values for S given in 
Table III are free energies of sublimation. It should be 
noted that in the earlier treatment (1) the heats of sub- 
limation were used (in lack of proper references) which 
caused the real potential to become too large by an amount 
of 0.3 ev, and the upper limit for the surface potential xiy¢ 
to become too small by the same amount. If the correct 
values for the free energies of sublimation S are inserted 
in the earlier treatment, the value of the surface potential 
becomes identical with the value computed below. This 
fact is particularly interesting and shows that the de- 
scribed “trace method” seems to be not very sensitive to 
the model used as long as this model is a reasonable ap- 
proximation. It must also be mentioned that in the earlier 
paper (1) a; designated the work function of the ions. 
Here it is used for the real potential of the ions (which is 
the negative work function) according to the nomencla- 
ture given by Lange (7-9). 

Fig. 3 shows a plot of the real potentials a; against 1/r; . 
The slope of the straight line does not correspond exactly 
to the value predicted by Eq. (XIII), but is somewhat 
smaller. An exact agreement cannot be expected. 

The condenser model has merely been used to derive 
the 1/r; relation, which takes in account the Coulambic 
interaction. The value of x can therefore be obtained by 
extrapolation without a theoretical evaluation of the other 
factors in the 1/r, term, if these other factors can be as- 
sumed to be constant for a series of similar ions. This point 
shows the main advantage of the “trace method’. The 
chemical potentials (or the slope on the plot u; — 1/r;) 
need no longer be calculated apriori in detail. It is suffi- 
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Fic. 3. Real potentials of impurity ions in Hg plotted 
against reciprocal ionic radii. 


cient to know the type of relation between yw; and r;. 
This relation can, indeed, be studied experimentally. 

From the plot of a; against 1/r, it is concluded that the 
surface potential of Hg amounts to 


0 < xne (XV) 


The value of 0.5 v gives the upper limit rather than an 
average for xng, because of the fact that the repulsion 
terms of yu; have been neglected. 

The positive value of the surface potential indicates 
that the surface dipoles are oriented with their negative 
pole toward the gas phase. This is reasonable since one 
would expect the electrons to overlap into the vacuum 
beyond the positive cores. 

The free energies of amalgamation can now be obtained 
with Eq. (IIT): 


Mim = — Zieoxm 


From Eq. (I) and (II) one deduces that the difference 
in Galvani potentials ¢1 — 1; between two phases I and 
II in equilibrium (Z;, = Z;,,) is given by @: — On = 

Mi, — Bing 

Using the free energies of amalgamation of the ions ob- 

tained in this study and the free energies of hydration of 


TABLE IV. Data on Galvani potentials of amalgam electrodes 
and the N-calomel electrode 


Electrode Hig | — E 
Li (Hg)/Li*...| —4.95 | —3.54 | —1.41 | —2.38 | 0.97 
Na (Hg)/Na*.| —3.95 | —2.75 | —1.20 | —2.14 | 0.94 
K (Hg)/K+t....| —3.21 | —1.96 | —1.25 | —2.17 | 0.92 
Rb (Hg)/Rb*.| —2.95 | —1.76 | —1.19 | —2.15 | 0.96 
Cs (Hg)/Cs*..| —2.65 | —1.44 | —1.21 | —2.14| 0.93 


4is = free energy of hydration according to Latimer of 
the ion i. wing = free energy of amalgamation according to 
this work of the ion7. Adamaigam = Galvani electrode potential 
of the amalgam electrode. E = electrode potential of the 
amalgam electrode measured against a N-calomel electrode. 
Ady —calomei = Galvani electrode potential of the N-calomel 
electrode. 
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the ions given by Latimer, the Galvani potential differ- 
ence dug — ds = A@amaigam Of the diluted amalgam elec- 
trodes may be obtained. In Table IV Galvani potential 
differences are listed together with the experimental elec- 
trode potentials of the amalgam electrodes against a N- 
calomel electrode (27). The difference between these two 
potentials should be constant and should be equal to the 
Galvani potential of a N-calomel electrode. Table [V shows 
that this is indeed the case. The latter fact of course does 
not provide any measure for the degrees of correctness and 
accuracy of the presented method, although it does present 
further evidence that relation (XIV) is adequate. 

Experimental values for the free energies of hydration 
listed in Table IV correspond to equal concentrations of the 
ions in the gas phase and in the liquid phase; ion (gas) = 
ion (aq) = 0.041M, that is with no change in volume 
(14, 15). Values listed for E correspond to somewhat 
smaller concentrations, but the error introduced by this 
fact can again be neglected in view of the approximate 
nature of all the calculations at the present stage of refine- 
ment of the described “trace method”. 

Therefore, it can be concluded that the Galvani potential 
of a N-calomel electrode A@y-caiomet = — Pen-calomel 
has a value of Ad@w-calome: ~ 0.94 v, which is again the 
upper limit for the Galvani potential. 

If the surface potential of mercury were zero, a value of 
0.44 v, would be obtained. Therefore, 


0.44 < Adgn-calomel < 0.94 v (XVI) 


Latimer, Pitzer, and Slansky (14), neglecting the surface 
potential of Hg, have calculated a value of A@y-caiome: = 
0.495 v. As has been noted (4, 16, 28-31) the surface po- 
tential of Hg must be added to the calculated value of 
0.495 v in order to obtain the correct Galvani potential of 
the N-calomel electrode: 


Adgwn-calomel = +0.495 v + 


[see Eq. 5, reference (16).] 

The value of the surface potential of Hg is of particular 
interest in the theory of zero charge electrodes (16). It 
should also be noted that the outlined theory can be ap- 
plied to an apriori calculation of polarographic half-wave 
potentials of metal ions. 

Finally, it must be stressed that the present treatment 
is only a first approximation, although the principle of the 
“trace method” is quite fundamental and will be applied 
in the future for more rigorous evaluations of the Galvani 
potentials on the basis of more accurate experimental data 
for work functions and real potentials and on the basis of 
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more accurate quantum mechanical calculations for the 
interaction energies in condensed phases. 


Manuscript received January 16, 1956. This paper was 
prepared for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956. 

Aay discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JouRNAL. 
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ABSTRACT 


Various aspects of technique in measurements of electrode kinetics under conditions 
where competing reactions due to the presence of trace impurities in the solution are 


important are examined. 


The kinetics of the hydrogen evolution reaction in acid and alkaline solutions on 
several transition metals has been examined with special reference to the low current 
density region. Inferences concerning the rate-determining step in the reactive 2H*+ + 
2e9 — H: are thus drawn. In general, there is a tendency for the metals examined in acid 
solution to have a rate-controlling electrochemical desorption reaction and for those in 
alkaline solution to have a rate-determining discharge step. 


During the past five years, a number of experimental 
and theoretical techniques have been devised whereby the 
attack on the mechanism of electrode reactions need no 
longer be prosecuted by qualitative inference but by the 
evaluation of diagnostic criteria which allow unambiguous 
decisions between mechanisms to be made (1). Two differ- 
ent modifications of these approaches have been made, 
the first depending on d-c measurement of the rate of the 
reaction as a function of the overpotential, and the second 
depending on the evaluation of the impedance of the reac- 
tion as a function of frequency (2). Roughly, these two 
approaches have maximum applicability for slow electrode 
reactions (exchange current density amp and 
fast reaction (exchange current density >10~* amp cm™~™), 
respectively. The hydrogen evolution reaction has rela- 
tively low rate constants on all metals. Detailed studies of 
the mechanism of this reaction on several metals have 
been published (1). In this paper, the determination of the 
most important relevant parameters used for the evalua- 
tion of diagnostic criteria for the hydrogen evolution reac- 
tion have been applied to Cu, Au, Mo, Pd, Rh, and Fe 
cathodes. The necessary details of the technique of measur- 
ing currents at electrodes under ultra-high-purity condi- 
tions for electrode reactions which are easily vitiated by 
the presence of trace impurities are also here published for 
the first time. 


EXPERIMENTAL METHODS 
Electrolytic Cell 


The cell used (Fig. 1) was fundamentally. that of Bockris 
and Pentland (3) with the following modifications: (a) 
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provision of a water-cooled, water-sealed tap (Fig. 2); (6) 
provision of a trident shaped graphite anode, for use with 
pre-electrolysis at high current density (Fig. 3). The cath- 
ode compartment of the cell was of As-free glass (‘‘Hysil’’). 
Gases entering the cell escaped through water-sealed non- 
return valves; all joints, caps, and valves were sealed with 
equilibrium water to avoid use of tap grease. The cell was 
attached to a paxolin base and positioned inside a poly- 
thene tray to ensure electrical insulation. 

The H reference electrode was constructed by pinch 
sealing Pt to glass, spot welding being avoided in order to 
reduce contamination by foreign metals. After platiniza- 
tion (without use of lead acetate), the electrode was washed 
in equilibrium water, then in conductivity water, and its 
potential checked against that of a calomel electrode. The 
electrode was stored in conductivity water for 30 hr before 
use and checked frequently. When not in use it was kept 
in equilibrium water. The same electrode maintained po- 
tential to 0.2 mv for more than 14 months. 

The cathode compartment contained the electrode-bulb 
breaker F, which entered the cell obliquely through ‘a 
ground glass sleeve which allowed the plunger to be with- 
drawn from the catholyte without exposing the latter to 
the air. The cathode cap (Fig. 4) carried five parallel 
ground glass sleeves, thus enabling the electrodes to be 
rotated and moved vertically without subjecting the solu- 
tion to contact with the air. Each syringe tube carried a 
cup at its upper end for sealing with solvent against at- 
mospheric contamination. 

For alkaline work, concentrated pure NaOH solution 
entered through H and for acid preparation HCl gas was 
admitted via J. Conductance water distilled in H, was led 
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through H and pure H: through the capillary K. Concen- 
tration of the electrolyte was determined by measurement 
of conductance between fixed Pt electrodes L, the cell con- 
stant of which had been previously established. The ar- 
rangement of L high in the anode compartment limited the 
time of contact of a solution to the short period of adjust- 
ment of solution concentration. After the solution had at- 
tained concentration and was shared with the cathode 
compartment, its level was below that of L. 


Fia.1. Cell for measurement of hydrogen evolution under 
pure conditions at low current densities. A = reference 
hydrogen electrode; B = cathode compartment; C = anode 
compartment and solution preparation vessel; D = supple- 
mentary anode; D = trident shaped anode; E = H; inlet; 
F = plunger for breaking electrode bulbs; G = tap for re- 
moval of washing; H = inlet to anode compartment; J = 
inlet for HCl gas; K = inlet for H. gas; L = conductivity 
points for establishing concentration. 


HYDROGEN EVOLUTION REACTION 183 


The anode cap (Fig. 1 and 5) consisted of an additional 
central tube sealed at the lower end by a sintered glass 
disc, porosity 3, inside which was a Pt foil, over which H, 
(discarded via a water-sealed bubbler at the top of the cap) 
swept to carry off anodically produced gases. During long 
pre-electrolysis, the solution level sometimes fell below the 
Pt, so that a supplementary anode was also employed and 
in work at the highest e.d.’s the trident shaped anode 
(Fig. 3) was utilized. The latter consisted of rods, 6.5 mm 
diameter graphite, 10 em long, sealed into Hysil tubes 
(Fig. 6). A hole 1 mm diameter and 2 cm long was drilled 
in the top of the graphite and a side hole for escape of 
liberated Cl. was attached below the seal. 

Cathode preparations.—Each metal used was of spectro- 
scopic purity. Each cathode material, except Mo, was at- 
tached to a short length of 28 S.W.G. Pt wire so that a 
good metal-glass seal could be obtained (Table I). Me- 
chanical attachment was performed by flattening one end 
of the electrode, using cleaned stainless steel pliers, and a 
zi-in. hole was drilled. Pt was secured in the hole by pinch- 
ing. This procedure was employed for Cu. For Au and Pd 
cathodes, fusion to Pt in an oxygen flame was used. Rh 
and Fe were spot welded to Pt. The metal under investiga- 
tion was cut with cleaned Cr plated cutters and handled 
only with Pt tipped tweezers or filter paper. 

Mo electrodes contained traces of surface oxide and 
carbide, introduced in drawing-down, which were difficult 
to remove except as follows: 30 cm lengths of wire were 
clamped in a bell jar of a high vacuum coating unit. Pres- 
sure was reduced to 10-° mm Hg and 28 amp was passed 
through the wire for 10 min, the temperature being about 
2200°C. The wire was cooled and air admitted to raise the 
pressure to 10-? mm Hg. Mo was heated to red heat for 
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Fig. 2. Water cooled solvent sealed tap. Fic. 3. Trident shaped 
anode. Fic. 4. Cathode cap. Fic. 5. Anode cap. 
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FIG. 8 
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Fig. 6. Sealing of graphite rods into glass for use as anodes: 
place, and holder fused on end; C, heating; D, glass pulled rapidly 


A, initial position; B, constriction made to hold graphite in 
over graphite surface and annealed; E, top portion drawn off 


and vent blown at top near seal. Fic. 7. Preparation of cathode, sealed into bulb containing H». A, socket attached to tube of 
arsenic-free glass; B, wire of cathode material in position for heating with H, passing over it and burnt out at end; C, cathode 
sealed into bulb. Fic. 8. Apparatus for preparation of pure HCI solutions. A = inlet for H:; B = sealed trap for escape of gas; 
C = preliminary trap; D = trap in solid CO, freezing mixture; F = vessel containing recrystallized KCl onto which drops 
Analar H,SO,. Fic. 9. Preliminary alkaline preparation vessel (for annotation, see text). Fic. 10. Main alkaline purification 


vessel (for annotation, see text). 


2-5 min, until a perceptible oxide film was formed (C and 
CO, now removed). The pressure was reduced to 10-* mm 
Hg, the wire heated to 2200°, and the oxide film removed, 
the surface becoming lustrous and light gray. When cool, 
the wire was removed and treated with H: (see below). 
Electrode sealing in H ».—As-free glass tubes were cleaned 
for 5 days in strong chromic acid. They were then washed 
in tap water, followed by equilibrium water, and stored 
therein. One such tube was withdrawn using Pt-tipped, 
cleaned tweezers, dried, and attached at one end to a piece 
of Hysil tubing by which it could be manipulated. [The 


rest of the procedure was similar to that of Bockris and 
Conway (4) except in the following way.] A cleaned socket 
was fused to the other end and a constriction made 2.5 em 
from it. The tubing before the constriction was drawn into 
a thin walled section (c) 5 em long and 2 mm diameter 
(Fig. 7A). A minute intense oxy-gas flame was used to blow 
a fragile bulb near the constriction, the subsidiary holding 
tube was withdrawn, and simultaneously the end of the 
electrode tube was blown open, its form being as in Fig. 7B. 
(In all glass blowing operations, the pressure is transmitted 
from the mouth through cotton wool pads and silica gel to 
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TABLE I. Dimensions and preparation of metal electrodes 


| Approx 
Metal | | Method of attachment to Pt 
| (cm) 
| 
Cu | 0.0914 Mechanical 
Au | 0.0914 1.0 | Mechanical and fusion 
Mo | 0.10 | 4.5 | ws 
Pd | 0.100 | 1.0 Fusion 
Rh | 0.150 0.7 Spot welding 
and 0.050 1.3 
Fe 0.0914 1 


Spot welding 


remove contaminants from the breath.) The electrode tube 
was then plugged to a cone from which issued H:2 , led from 
a distribution head by means of cleaned glass tubing, con- 
taining only water-sealed joints, and passed through an 
empty trap, a trap at liquid air temperatures and a T 
piece, its entire limb leading to the atmosphere via a tap 
and bubbler, sealed with equilibrium water. H. was led 
to the cone by a very short length of polyethylene tubing, 
necessary to give flexibility.' The electrode was inserted 
into the tube and the Hz issuing from the end was ignited, 
whereupon the composite electrode was heated to red heat 
before being tapped forward into the bulb. A seal was 
made over the metal-Pt junction and continued for 1.5 em 
along the Pt, the surplus H» being allowed to escape via 
the T piece bubbler. After allowing the glass-metal seal to 
cool, the bulb was closed and simultaneously drawn away 
from the thin walled section by momentary application of 
an intense flame beyond the bulb. The electrode appeared 
as in Fig. 7C. This was then attached to a plunger of the 
ground glass tubes of the cathode cap, and washed with 
equilibrium water. Mo electrodes would not seal to Hysil 
and Chance GSC glass was used. 

This method has the following advantages compared 
with its predecessor (4): (a) volatile impurities cannot con- 
dense on the bulb walls; (6) an improved seal over a 
considerable length of Pt can be achieved; (c) cooling of 
this seal before sealing bulb caused the He pressure inside 
the bulb to remain uniform (otherwise implosion is fre- 
quent). 

Vacuum heating and sealing of electrodes.—This was used 
mainly for Mo cathodes which, in method (a), had to be 
exposed to air between heating in high vacuo and intro- 
ducing into H--filled bulbs. A 12 em length of As-free 
Chance GSC glass tubing, 4 mm ID and 5 mm OD was 
cleaned as for the Hysil glass above. Two thickened con- 
strictions were made, one at the end of the tube, and a 
fragile bulb was blown at this end. A 5 em spectroscopi- 
eally pure Mo wire, 0.1 em diameter, previously vacuum 
heated in an Edwards unit, was introduced and arranged 
so that 1 em projected into the bulb without touching the 
sides. The other end of the Mo was attached lightly to the 
glass by heating the second constriction sufficiently just to 
melt the glass and allow the wire to sink into it. The elec- 
trode tube was then fused horizontally to a Pyrex glass 
pump head, Chance GSC glass forming an intermediate 
seal, and was evacuated to 10-' mm (until no discharge 

1 Caution must be taken in choice of the polyethylene 


tubing. Certain varieties show slight change of color after 
passage of H, for many hours and hence must be avoided. 
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could be observed), the electrode holder being isolated 
from the pump by a liquid air trap. The electrode tube was 
thereupon surrounded by the coil of a radio frequency elee- 
tronic heater and 2000°C induced in the Mo by 85 amp in 
about 2 sec. The temperature was maintained for 1 min. 
A seal over the Mo wire was made by heating the constric- 
tion near the bulb with an oxy-gas flame. The Mo-glass 
seal was 2-3 em long; about 1 cm of light gray, lustrous 
Mo projected into the bulb. The electrode tube was with- 
drawn from the GSC/GSD glass joint at the end remote 
from the bulb and sealed to preserve a high vacuum inside 
the tube. This was then immersed in 1:1 HNO,-H.SO, 
mixture for 1 hr and washed with distilled, equilibrium, 
and conductivity water. The closed end away from the 
bulb was opened, and the tube mounted in the cell. Tubes 
were handled only by tweezers or filter paper. 


Materials 


Purification of hydrogen.—The “oxygen free” He in cylin- 
ders contained 0.001% Oz, 0.001% CO, and 0.05% hydro- 
carbons. It passed through a few inches of polyethylene 
tubing-to-a two-way T trap through which the whole of 
the purification train could be evacuated, through a trap 
(5) and pressure indicator, SiO: gel, hopcalite (removes CO 
in absence of moisture), and soda lime. H, was then passed 
through palladised asbestos (5%) at 550° and further tubes 
of SiO. gel to remove water produced in the Pd tube. Four 
glass traps followed, the central two containing activated 
charcoal and the extreme ones empty. The first three traps 
were immersed in liquid Ne , the level of which was always 
maintained above that of the charcoal. The fourth trap 
served to retain water spray which sometimes arises during 
evacuation of the H, purification train. Traps were flamed 
out and charcoal reactivated after each run and then evacu- 
ated and flushed with H, for 1 hr before any was allowed 
to enter the cell. 

H: was also purified by passage through a heated Pd 
tube but the maximum convenient yield was only 7 |/hr 
and the method was not extensively used. 

Purification of water —Distilled water from an electric 
still from which all rubber connections had been removed 
was redistilled from alkaline KMnO, and fractionally con- 
densed in a block tin condenser. About 60% of the distillate 
was used. Its specific conductance was 1 X 10~* mhos 
em. This water was transferred by pure H: pressure to a 
Hysil flask, refluxed in pure H- for 15 hr, and distilled into 
the cell when it had a conductance of 1 X 10-7 mhos em™. 
The water purification apparatus was periodically cleaned 
with nitric-sulfurie acid, distilled and equilibrium water. 

Preparation of acid solutions —The apparatus is shown 
in Fig. 8. KCl of analytical reagent grade was placed in 
reaction vessel F and air swept out by Hz, entering at A 
and escaping by a valve. The vessel was heated at 500° for 
3-4 hr. Capillary active impurities were thus removed. 
H, was still passed until the salt was cooled, and the H- 
passage allowed to occur through 8 into the anode com- 
partment through a vigorously cleaned glass bridge. Trap 
D was then cooled to —78°C and H.SO, dropped upon 
the KCl. Trap C caught acid spray (which otherwise 
blocks D). D condenses HS, ete. 

After use the apparatus was always washed with nitric- 
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sulfuric mixtures for 24 hr, and rinsed many times with 
distilled and equilibrium water, being finally dried in an 
oven at 150°C. 

Preparation of pure alkaline solutions.—The method used 
closely resembled that of Bockris and Potter (6), but its 
description has not been published previously. Pickering (7) 
showed that large amounts of solid separates from concen- 
trated NaOH solution in ranges —22° to -2° and 20°-52°. 
The former range was chosen because of lessened attack on 
the glass. 

The purification cell is shown in Fig. 9 and 10. A con- 
centrated solution of A.R. NaOH pellets in conductance 
water was prepared in the vessel of Fig. 9, and transferred 
to the main vessel. (Both preliminary and main vessel 
were washed several times with conductance water before 
use.) 70 g of NaOH were introduced i..to the preliminary 
vessel, and first H., and then conductance water, were 
introduced from the conductance still while the lower part 
of the vessel was cooled in ice. The vessel was then discon- 
nected from the still, sealed from air, and dissolution in H, 
proceeded. After sweeping out all air from bridges and 
connecting tubes, the solution in the preliminary vessel 
was transferred to the left hand limb of the main vessel 
(Fig. 10) by connecting joint B to joint C of the main 
vessel by applying pressure at A. Solid impurities were 
trapped by the sintered glass dise $1, porosity 1; after 
transfer of solution, tap D of the main vessel was closed, 
and H, bubbled through the solution via E and the sin- 
tered glass dise $2, porosity 3. Into the glass jacket sur- 
rounding the left limb (Fig. 10) was now introduced a CO» 
alcohol mixture. Solid CO, is added very gradually, until 
crystallization just commences. Supernatant liquor is 
drawn off through S2 from the crystals which were left 
dry, by applying a vacuum line at F. The crystals were 
liquified. The concentrated solution was transferred to 
the right-hand limb via tube G and again recrystallized, 
the left-hand limb meanwhile being washed with con- 
ductance water. After three or four recrystallizations 
in alternate limbs, the remaining highly concentrated 
solution was diluted by distilling in conductance water. 
The solution was shared between the two limbs, and elec- 
trolysis commenced by lowering the cathode (on a syringe 
plunger) into the solution. The current was 5-7 x 107 
amp. Wire, not foil, was used to increase current density 
and thus impurity removal. Pre-electrolysis was continued 
for a minimum of 30 hr and indefinitely during storage of 
the NaOH solution, H. always being passed through the 
solution. Termination of pre-electrolysis was carried out 
by raising the Pt cathode by means of its ground glass 
syringe (it is important to allow cessation of current to be 
brought about by the electrode removal). 

When required, a few milliliters of concentrated purified 
solution were transferred by Hz pressure to the anode com- 
partment of the cell of Fig. 1 and diluted to required con- 
centration. Solutions prepared in this way were subject to 
further pre-electrolysis in the cell. 

Suitable glass.—The rate of the hydrogen evolution re- 
action is noticeably altered by moles of 
which diffuses out of glass containing it (8). Pyrex glass 
contained 0.6% AS.O; until recently; at present it con- 
tains 0.01-0.02%. It is important not to lét solution come 
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into contact with As-containing glass; in particular, elec- 
trode preparation tubes must be As-free. Hysil, containing 
no AS.O; , was the glass generally used. A number of other 
As-free glasses, particularly that of Chance GSC, were 
also used. 

Nitric-sulfuric mixtures are to be preferred for clean- 
ing; rinsing with tap water lasted several hours, followed 
by washing with equilibrium and conductance water. (The 
advisability of rinsing with tap water depends on its local 
quality; if sufficiently bad, it is better to omit entirely and 
use only distilled water.) 


Electrical Apparatus 


This was as previously described. A powerpack giving 
1,500 v was used for pre-electrolysis in dilute solutions. 
All leads were coaxial screened types, the screens being 
earthed. A Doran electrometer tube potentiometer was 
used to measure potentials to 0.5 mv and drew off balance 
currents of less than 10-" amp. On Rh, potentials were 
measured to 0.01 mv by means of a Pye d-c potentiometer. 
Numerous continuous recording devices for current and 
potential were also used for preliminary and rough work. 


Preparation of Experiment 


Each piece of apparatus was left overnight in HNO;- 
H.SO, , exposed joints being closed by ground glass caps. 
Washing with various stages of water of increasing purity 
followed, taps and joints were sealed with equilibrium 
water, and the air swept out by pure He, passing through 
rigorously cleaned glass tubing. The cell was then washed 
further with conductance water and the five electrodes in 
the ground glass syringe units introduced with the cathode 
cap, air expelled from the cell which is again washed with 
conductance water, this now washing also the bulbs of the 
electrodes and the breaker. Washing with further portions 
of hydrogen-saturated conductance water was carried out 
until the conductance water from the washings had a spe- 
cific conductance of less than 5 X 10-7 mhos cm. Fresh 
conductance water was distilled into the anode compart- 
ment and then, for acid solutions, HCl led in. Allowance 
must be made for diminution in strength of the solution 
during pre-electrolysis. 

After sharing the solution thus prepared with the cath- 
ode compartment, each electrode bulb was lowered into 
the catholyte and tested to insure insulation. The bulb of 
one electrode was then broken and pre-electrolysis com- 
menced under appropriate conditions (see below), H. bub- 
bling in the catholyte, and with the breaker and all in- 
sulated electrode bulbs immersed in solution, so that 
impurities upon their outsides might be removed during 
pre-electrolysis This was ceased by raising the auxiliary 
cathode clear of the solution while still polarizing. 

Polarization on a first test electrode was prepared for 
by making electrical connections to this electrode and set- 
ting controls such that on subsequent breaking of the pro- 
tective glass bulb the current density would be a few 
ywamp cm. The electrode was lowered into the solution, 
the bulb broken, and polarization commenced. The current 
density was reduced to zero and it was confirmed that the 
electrode potential attained the value of a reversible hy- 
drogen electrode. (This attainment is itself evidence of high 
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purification.) Hydrogen bubbling was now stopped to de- 
crease diffusion of remaining impurities up to the electrode 
surface. The current density was now gradually increased 
from zero, about 30 current densities being established 
while the overpotential increased from 0 to 30 mv. (On 
Mo and Fe electrodes, some time variation was still ob- 
servable even after pre-electrolysis; the 30 values at low 
current densities were therefore taken very rapidly.) For 
overpotential of greater than 30 mv, values were recorded 
at current density intervals of about 0.2 decade. The Tafel 
line was then remeasured in descending and ascending 
order of current densities. 

The used electrode was raised above the solution during 
polarization, electrical connection made to another, this 
one lowered into solution, the bulb broken, and so on. 


Photomicrographs 


Photomicrographs of the electrode surfaces were taken 
through an optical microscope, having a 16 mm objective, 
with a six times or ten times eye piece. The electrode was 
illuminated by a Pointolite arc lamp. Front, side, and 
oblique illumination was used to highlight the surface 
characteristics. The net magnification upon enlargement 
was about 150. 


Pre-electrolysis Conditions 


Those used for each cathode after preliminary investiga- 
tions of the variations of parameters with degree of pre- 
electrolysis are shown in Table IT. 


Miscellaneous 


The most important factor in the technique of obtaining 
results unvitiated by side reactions is certainly pre-elec- 
trolysis. However, pre-electrolytic purification is certainly 
a method for removing trace impurities, i.e., those with 
concentrations of, say, less than 10~* moles 1. If the pre- 
liminary purification of reagents, etc., is not thorough, 
pre-electrolysis is ineffective in any practical time. Some 
20% of experiments still fail, even with the use of pre- 
electrolysis, presumably because of undetected contamina- 
tion before the commencement of pre-electrolysis. 

Glass blowing operations on the cell usually necessitate 
a particularly long period of cleaning. There is some evi- 
dence that this difficulty is removed by using pure N» 
pressure. 

Grease traces are difficult to eliminate, even with proce- 
dures described here. They depend greatly on the original 
water supply. They can always be observed on the glass 
walls of the cell by the adherence of drops. Experiments 
in the presence of such adsorbed water drops are generally 
vitiated.? 

The extreme sensitivity to trace impurities exhibited by 
the hydrogen evolution reaction at low current densities 
is not likely to be an isolated instance in electrode kinetics. 
A similar sensitivity to impurities (successfully removed by 
pre-electrolysis) has also been established for the oxygen 
evolution reaction, for a number of redox reactions and for 
certain technological deposition reactions. It is unlikely 

2 Traces of fats in conductance water can be eliminated by 


distillation through a column containing glass chips at 
400°-500°C (9). 
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TABLE II. Preélectrolysis conditions 


Cu | 0.001N HCl 550 | 36 24 
0.01N HCl 330 17 8 
HCl | 900-75,000 43-37 | 60-3,000 
0.01N NaOH 360 | 6 
0.1N NaOH 450 13 7 
Au | 0.001N HCI 600 | 13 12 
—0.01N HCI 5,000 16 100 
0.1N HCl 27,000 | 42 1,400 
0.001IN NaOH 2,400 | 63 124 
0.01N NaOH 12,000 | 22 550 
0.1N NaOH 180,000 | 43 7,000 
Mo HC! 600 36 24 
0.01N HCl 8,500 | 58 530 
0.1N HCl 75,000 | 37 3, 006 
0.001IN NaOH 3,000 | 37 89 
0.01N NaOH | 30,000 42 1,800 
0.1N NaOH 240,000 | 71 14,000 
Pd 0.01N HCl 35,000 | 36 1,000 
0.1N HCl 240,000 | 13 1,600 
0.001IN NaOH 1,200 | 24 63 
0.01IN NaOH 21,000 | 40 800 
0.1N NaOH 120,000 | 38 4,500 
Rh 0.1N HCl | 50,000 | 34 1,700 
0.01IN NaOH | 6,000 2 250 
Fe 0.001N HCl 1,400 | 16 14 
0.01N HCl 18,000 | 500 
0.01N NaOH 15,000 | 35 260 


0.1N NaOH 25,000 | 35 


3,600 


that electrode kinetic measurements carried out without 
attention to the extreme purities needed refer to*clean 
electrode surfaces.* 


EXPERIMENTAL RESULTS 


Variation of overpotential with time at constant current 
density.—It has been shown that the variation of over- 
potential with time is largely an impurity-dependent phe- 
nomenon and is removed or very greatly reduced by pre- 
electrolytic purification (8). This result was confirmed in 
the present work on all cathode materials except Mo, in 
acid and alkaline solutions, and Fe, in alkaline solutions. 
If the bulb surrounding these electrodes were broken under 
the solution without application of external potential, 
these electrodes would indicate the reversible hydrogen 
electrode potential as expected, but upon passage of a con- 
stant current density, an upward drift of overpotential 
occurred for some 10 min before constancy was attained. 
If the » — i, relation at low c.d.’s were plotted using the 7 
values attained at the end of this variation, anomalous 
values of 7 were obtained. If the values were those taken 
very soon (3 sec) after the setting up of a certain c.d., 
rational values of 7 were obtained. 

Gross contamination effects.—In certain cases the seal on 
Mo electrodes cracked and the solution became contami- 
nated. Such contamination was not removed by pre-elec- 
trolysis. All Tafel lines measured in the solution (on 
electrodes the bulbs of which were broken after the 
contamination) showed deviations at low c.d.’s from 
theoretical behaviors expected for one reaction. 


3’ The analogy with the situation in the kinetics of reac- 
tions at the solid-gas interface is clear. 
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TABLE IIL. Statistically computed values of exchange current density and transfer coefficient as a function 


Solution 


Metal n —a (v) 
Cu | 0.001N HCI 7 0.822 
| 0.01N HCl 5 0.844 

| 0.LN HCI 6 0.778 

Au | 0.001N HCI | 37 | 0.526 
| 0.01N HCI | 15 | 0.558 

0.1N HCl (Ist) 19 «(0.468 

| 0.1N HCl (2nd) | 13 0.548 

 0.001N NaOH 0.548 
0.01N NaOH 17 0.832 

| 0.1N NaOH 

Mo | 0.001N HCI 5 | 0.577 
0.01N HCl | 15 | 0.543 

0.1N HCl (ist) 21 | 0.586 

0.1N HCl (2nd) 23 0.671 

0.001N NaOH 4 0.667 

0.01N NaOH 11 | 0.664 

0.1N NaOH (ist) 15 | 0.641 

0.1N NaOH (2nd) 10 =| 0.739 

Pd 0.01N HCl 19 | 0.447 
0.1N HCI Be 0.321 

0.001IN NaOH 5 | 0.589 
0.01N NaOH 23 «(0.610 

| 0.1N NaOH 4 | 0.637 

Rh | 0.01N HCI 30 | 0.209 
| 0.01N NaOH 25 0.579 

Fe | 0.001N HCl 6 0.787 
| 0.01N HCI 5 | 0.741 

| 0.01N NaOH 6 0.776 
29 0.726 


1N NaOH 


of metal and concentration 


bv) —log i, conf 6 et Range of —log i, 
0.109 7.56 | 0.007 | 0.58 | 5.75-4.05 
0.116 7.25 | 0.010 0.29 | 5.23-3.98 
0.114 6.84 0.008, 0.05 | 4.51-3.47 
0.117 6.09 | 0.006 | 0.12 | 5.19-3.75 
0.072 | 7.32 | 0.00 | 0.2 | 6.33-4.62 
0.084 6.63 0.010 | 0.24 | 5.26-3.93 
0.071 4.59 | 0.006 0.23 | 5.63-4.02 
0.097 5.64 | 0.010 0.23 | 3.67-2.41 
0.097 5.64 | 0.010 0.23 | 3.67-2.41 
0.118 7.05 | 0.006 0.15 | 5.90-4.54 
0.119 7.04 0.007 0.24 | 5.92-3.68 
0.081 7.12 | 0.016 0.41 | 5.56-4.19 
0.076 7.19 | 0.003 0.27 | 5.23-3.72 
0.080 7.30 | 0.004 0.21 | 5.52-3.48 
0.104 6.45 | 0.004 0.21 | 3.34-1.80 
0.092 7.27 | 0.010 0.46 | 5.87-4.42 
0.103 | 6.42 | 0.010 0.52 | 4.89-3.59 
0.087 | 7.35 0.003 0.21 | 4.74-3.72 
0.116 | 6.37 | 0.008 0.34 | 3.58-2.10 
0.107 | 4.18 | 0.006 0.45 | 3.87-3.13 
0.099 | 3.25 | 0.003 0.11 | 2.89-1.41 
0.100 | 5.88 | 0.015 0.61 5.04-3.92 
0.110 | 5.56 | 0.004 0.48 5.35-3.98 
0.125 5.01 | 0.002 0.33 4.14-3.08 
0.055 3.80 | 0.003 0.09 3.38-3.08 
0.119 4.85 0.003 0.21 | 4.18-3.51 
0.127 6.19 | 0.008 0.23 | 4.02-3.76 
0.118 6.29 | 0.015 0.32 4.06-3.19 
0.117 | 6.62 | 0.007 0.47 4.52-3.82 
0.120 6.06 | 0.002 0.08 4.09-2.16 


In ‘acid solutions when high pre-electrolysis currents 
were employed, the original graphite anode, having a 
small area, tended to disintegrate. Subsequent transport 
of carbon to the catholyte turned the solution yellow 
brown. The Tafel line became strikingly anomalous, the 6 
value rising to 0.8 v. 

The micrographs‘ were taken under numerous states of 
oxidation and contamination, as well as for the pure sur- 
face before and after a run. Contamination and oxidation 
caused by a few seconds’ contact with the atmosphere were 
clearly visible. No alteration of the appearance of the elec- 
trode before and after a run was visible. 

Statistically computed Tafel parameters.—Tafel parame- 
ters from the “first up,” “second and subsequent lines 
coincided well. Reproducibility between “up” and “down” 
lines was excellent; at low c.d.’s it declined and the i, — 7 


line was sometimes slightly displaced although ( a) 
cf n=0 


from up and down runs retained excellent concordant 
values. In instances of significant discrepancy between up 
and down lines, up lines were preferred, the electrode not 
having attained highly negative potentials, which en- 
courage impurity depositions. 

Tafel lines observed could be divided into three classes: 
(a) those showing the form in the 7 — i, relation expected 
if the hydrogen evolution reaction is not interferred with 
by competitive reactions with trace impurities; (6) slightly 
imperfect lines, i.e., form and slope indicate lack of im- 


* Some 25 photomicrographs are available (10). 


TABLE IV. Statistically computed values of exchange current 
density and transfer coefficient summarized 
for each metal 


Metal| Solution | =s | conft | = 
Cu | HCI | 18 0.113 | 7.23 | 0.814 | 0.033 | 0.31 
NaOH | 11 | 0.117 6.09 | 0.714 | 0.006 | 0.12 

Au HCl-ist | 37 | 0.073 | 6.83 | 0.496 | 0.003 | 0.16 
2nd | 13 | 0.097 | 5.64 | 0.548 | 0.010 | 0.23 

NaOH | 52 0.120 7.00 | 0.844 | 0.003 | 0.03 

Mo HCl-ist | 41 | 0.079 | 7.24 | 0.569 | 0.003 | 0.14 
2nd | 23 | 0.104 6.45 | 0.671 | 0.004 | 0.21 
NaOH-ist | 30 0.094 7.00 0.656 | 0.005 0.26 
-2nd | 10 | 0.116 | 6.37 | 0.739 | 0.008 | 0.34 

Pd HCI 340.103 3.77 | 0.389 | 0.004 | 0.30 
NaOH 42 | 0.110 | 5.54 | 0.811 | 0.004 | 0.35 

Rh | HCl 30 0.055 | 3.80 | 0.209 | 0.003 | 0.09 
| NaOH 25 | 0.119 | 4.85 | 0.579 | 0.003 | 0.21 

Fe | HCl | 11 | 0.123 | 6.24 | 0.766 | 0.007 | 0.15 
NaOH | 35 | 0.119 | 6.16 | 0.735 | 0.002 | 0.12 


purity effects except at the lowest current densities where 
slight deviations occurred; (c) lines showing a large scatter 
of points, and distinct deformities from the theoretically 
expected relation, particularly at low current densities. 

Only class (a) results have been considered in the statis- 
tical evaluation for Fe, Cu, Rh, Au, and Pd. For Mo, the 
remaining time variation made it necessary to accept some 
results of class (6). 

The statistical terms used in the next section have their 
usual significance. Values of exchange current densities 
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Fig. 11. Typical Tafel line on Au in 0.1N HC} solutions 
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Fig. 12. Typical Tafel line on Au in 0.01N NaOH solu- 
tions. ; 
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Fia. 13. The anomalous type of Tafel line observed on Mo 
in 0.1N HCl. 


were calculated by the extrapolation of the linear sections 
of Tafel lines to zero overpotential. Stoichiometric num- 
bers were calculated from 


. F fan 


The term # represents the number of Tafel lines used in 
the statistical analysis; @ represents the mean value of a 
in the Tafel equation, and 5 the same for b in this equation. 
The term i, represents the net cathodic current at an elec- 
trode and “Range of 7 — log i.’’ means the range of values 
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Fic. 14. The current density-overpotential relation at 
current densities in the neighborhood of the reversible po- 
tential on Mo in 0.1N HCl. 


Fic. 15. Effect of carbon contamination in the catholyte 
on the Tafel lines at Pd electrodes in 0.01N HCl. (—— @ 
—— = first up;——-O—— = first down). 


Fig. 16. The time variation of overpotential as a function 
of degree of pre-electrolysis on Mo electrodes: (i) = polariza- 
tion at 7.10- amp/cem™ after pre-electrolysis of 50 hr at 
1.10-? amp/em™; (ii) = polarization at 1.10-* amp/cm™? 
after p.e. of 36 hr at 1.10-* amp/em; (iii) = polarization at 
9.10-* amp/em™ after p.e. of 20 hr at 1.10-* amp/em™; 
(iv) = polarization at 6.10-* amp/cm™ after 36 hr p.e. at 
1.10-* amp/em~. 


of log i, during which the 7 — log i, relation was observed 
and linear. The term conf. means “95% confidence limits.” 

Concentration effects on the parameters are not signifi- 
cant. If values are grouped together for each metal, irre- 
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spective of concentration, and meaned, one obtains Table 
IV (“‘first” and “second” refer to the appropriate reactions 
of the Tafel line when twin linearity was observed). 

Analogous Tables to III and IV follow for the stoichio- 
metric number. 

The graphical representation of most of the Tafel lines 
indicates expected theoretical behavior. Fig. 11 and 12 
represent typical behaviors, e.g., on Au. Fig. 13 shows the 
anomalous behavior of Mo, while Fig. 14 shows that al- 
though the Tafel line is anomalous, the corresponding 9 — i- 
graph has theoretical shape. Fig. 15 shows the behavior 
of Au electrodes contaminated with carbon. 

The time variation on Mo electrodes in alkaline solution 
(ef. “Variation of Overpotential with Time . . .’’) is repre- 
sented in Fig. 16 as a function of pre-electrolysis. The 
result is qualitatively similar to observations of the effect 
of pre-electrolysis on the time variation at Ni cathodes 
in acid solution (8). 


Discussion 
Reproducibility 


The measure of reproducibility of the determination of 
the kinetic parameters used here is the 95% confidence 
limit of the mean value of log ip . In Fig. 17, BC is “conf. 
log io,”” where CD is the most probable Tafel line (and its 
extrapolation). AC may then be suggested as a measure of 
the reproducibility in overpotential units, and AC = 
b conf. log ip . Hence: 


An = 6 conf. log iy 


and Ay is the meaned probable error of the overpotential 
measurements for 95% confidence limits. Table VII shows 
these values for the present work. 

The over-all mean reproducibility for overpotential ex- 
pressed on this basis is 19 mv. More reproducible values on 
solid metals have not been published previously, except 
the values of Bockris and Potter (6) on Ni in acid solutions 
where the reproducibility on the same basis is 15 mv. (On 
Hg electrodes in acid solutions, the reproducibility is about 
5 mv.) 


Ohmic and Concentration Components 


For a cylindrical electrode, the approximate correction 
equations for ohmic overpotential have been discussed 
elsewhere (1); they yield only values of the correct order 
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Fig. 17. Expression of reproducibility in overpotential 
measurements. 
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TABLE V. Statistically computed values of the stoichiometric 
number as a function of metal and concentration 


Metal Solution ? | conf 
Au 0.001N HCI | 102 | 0.16 
| 0.01N HCI | 5 | 1.07 | 0.35 

| 0.1N HCl | 9 0.99 | 0.20 

| 0.001N NaOH 7 1.93 | 0.30 

| 0.01N NaOH 9 | 2.10 | 0.14 

0.1N NaOH 11 0.88 | 0.16 

Mo | 0.001N HCl 4 1.09 | 0.11 
| 0.01N HCI | 7 | 0.95 | 0.18 
0.1N HCl 0.97 0.21 

0.001N NaOH 3 | 0.76 | 0.24 

0.01N NaOH 7 | 0.86 | 0.18 

| 0.1N NaOH 7 | 1.13 | 0.22 

Pd 0.01N HCl 13 | 1.88 | 0.19 
0.1N HCl 10 | 2.12 | 0.20 

0.001N NaOH 5 | 1.97 | 0.55 

0.01N NaOH 10 | 2.01 | 0.17 

Rh HCI 30 | 0.96 | 0.06 
0.01N NaOH 13 | 1.86 | 0.10 

Fe | 0.01IN NaOH 2 | 1.36 
1.01 | 0.10 


0.1N NaOH 16 


TABLE VI. Statistically computed values of the stoichiometric 
number summarized for each metal 


Metal | Solution | | 
| 


| conf 
Au | HCl | 0.076 | 6.85 | 1.02 | 0.10 | 22 
0.001N NaOH | 0.118 7.05 | 2.03 0.14 16 
0.01N NaOH | 
0.1N NaOH | 0.123 6.96 | 0.88 | 0.16 | 11 
Mo HCl 0.078 7.20 | 0.99 0.09 | 17 
NaOH 0.094 | 7.01 | 0.95 | 0.14 | 17 
Pd | HCI 0.104 | 3.72 | 1.98 | 0.14 | 23 
NaOH (0.112 | 5.45 | 1.99 | 0.17 | 15 
Rh | HCl 0.055 3.80 | 0.96 | 0.06 | 30. 
NaOH (0.119) 4.85 | 1.85 | 0.10 | 13 
Fe NaOH 0.118) 6.34 | 1.05 (0.11 | 18 


TABLE VII. Mean probable error (95% confidence limits) in 
overpotential for various metals 


| | 


Metal Solution dacibility | Metal | Solution | 
Cu HCl 35 mv | Pd | HCl | 31 mv 
|NaOH | 14 38 
Au |HCl | 12 | Rh |HC | 5 
| NaOH 4 | NaOH 25 
Mo | HCI ll Fe | HCl | 18 
NaOH | 24 |NaOH | 4 


because of various factors not taken into account, e.g., 
bubbles near the electrode surface. 

The equation for m can be applied to the present results 
in instances where the Tafel line indicated positive devia- 
tions from linearity at high overpotential, e.g., for Rh 
(Fig. 18). If the deviations are plotted against current 
density, a linear relation should exist if they are due to 
ohmic errors. No linear relation was found. Application of 
an ohmic correction formula to the Rh results, with values 
of 0.1 cm or greater for the distance between the Luggin 
capillary tip and the electrode (the intended value in the 
experiments was always apparently less than this), gave 
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Fic. 18. Positive deviations at high current densities for 
Rh electrodes in 0.01N acid solutions. 


Fic. 19. Concentration overpotential (calculated for a 
diffusion layer thickness of 0.005 em and t, = 0.82) in acid 
solutions of various strengths and in 0.01N NaOH solutions. 


poorly defined “corrected” Tafel lines with no linear por- 
tions. Therefore, no ohmic errors affect the Rh results. 

Similar results were found for Pd, which also indicated 
slight positive deviations at current densities of 10~' amp 
in 0.1N HCl. 

The limits of the concentration overpotential can be cal- 
culated from well-known equations (1) in which the only 
adjustable term is the thickness of the diffusion layer. For 
the present conditions, in which stirring is almost entirely 
by means of hydrogen evolved at the electrodes, the ap- 
propriate value is approximately 0.005 cm. Values are 
shown in Fig. 19. The concentration component in the 
overpotential can therefore be considered negligible for 
0.001N solution of HCl or NaOH below 10-* amp cm™; 
for 0.01N solution below 10-* amp em, and for 0.1N 
solution below 10~' amp cm~*. The statistical computation 
of Tafel lines were carried out only for current densities 
lower than these limits. 


Variations with Time 


An essential improvement in measurements brought 
about by the technique of pre-electrolytic purification is a 
considerable reduction in the total amount of time varia- 
tion and an elimination of the irregular time variation (see 
Fig. 16) which formerly made comparison of overpotential 
measurements carried out by two different authors of 
little significance. The absence of time variation on Cu, 
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Au, Pd, and Rh reported here makes the regular variation 
on Mo and Fe in alkaline solutions of particular interest. 
Possible interpretations would be: (a) presence of impuri- 
ties after pre-electrolysis. If this were the cause of time 
variation, or of the imperfect Tafel lines on Mo, the drift 
should be augmented by increasing the rate of transport 
of impurities to the electrode, i.e., by stirring. This effect 
was absent. Further, the impurity will only compete with 
the hydrogen evolution reaction if its concentration is suf- 
ficient to give it a sufficiently high limiting current den- 
sity.’ Calculation shows that, to cause the deviation ob- 
served in the Tafel lines on Mo (Fig. 13), the impurity 
concentration would have to be 10~* moles 1~, which is 
improbably high after the pre-electrolysis detailed in Ta- 
ble II [cf. calculations of the rate of “clean up” of a solu- 
tion during pre-electrolysis (1)]. (6) Oxide film dissolution. 
Reduction of an oxide film would cause a decrease of over- 
potential with time at constant current density (11). In 
the present work, an increase was observed at low current 
densities. (c) Hydrogen diffusion into the interior. No time 
variations were observed on Pd, where diffusion would be 
greater than on Mo. Change of the Mo wire thickness did 
not alter the observed time variation, as would be expected 
if diffusion were rate determining. (d) Change of “activ- 
ity.” Progressive deactivation of the electrode surface may 
be invoked to explain the increase of overpotential with 
time at a given current density, but only with great cau- 
tion, because many systems where this explanation has 
been applied have been proved later to exhibit no time 
variation in the absence of impurities. Deactivation would 
lead to a steady increase of overpotential with time and 
probably to a linear relation between 7 and log time;* 
neither of these behaviors were observed on Mo or Fe. 
Therefore, none of these explanations appears applicable 
to the time variations observed on Mo electrodes 

Results of the present work confirm previous work that 
there is no variation of the stoichiometric number with 
time, even on Mo electrodes. 


Rate-Determining First Order Combination of 
Hydrogen Atoms 


The rate-determining combination reaction between two 
hydrogen atoms both adsorbed on a metal surface gives 
rise to a Tafel line for which b = 2.303 a = 0.029 at 
25°C. The model in which one H atom is adsorbed and the 
other is not has not yet been formulated [but cf. Bockris 


(12)]. Consider 


Vi 
H,0O° + ey MH (1) 
Let it be supposed that a negligible rate of combination 
occurs between the H on the surface and that the forma- 
tion of H: is by reaction between one adsorbed H and one 
nonadsorbed H atom, as is the mechanism of formation 


5 For details of this calculation, see (8). 
6 Cf. Bockris and Huq (9), where such a view has eee 
worked out in some detail. 
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of H, at a catalytic surface in the gas phase, i.e., 


MH Hi + M (II) 
V3 
MH + Hy) (IID) 
Then, 
= ke — ken )eq- (Iv) 


where A@ is the Galvani p.d. between metal and solution; 
cn is the concentration of H on the surface, (1 — k'cu) is 
the fraction of the surface free, and cy. is the hydrox- 
onium ion concentration in the Helmholtz double layer. 


v_) = (V) 
vo = (VI) 
vio = — k'cn) (VID) 


vs = 


(VIID 


from which the Christiansen coefficients (13) follow as 


w = (IX) 
we = ke + k_k ey, (XI) 
wie = (XIT) 
ws = (XIIT) 


where ¢y is the concentration of adsorbed H and cy., is 
the nonadsorbed H atom concentration. 
It follows that the current density for this path is 


kicn. (ke + k_ok'en «)kseu 


i. = 2F kre + k_sk'cu «) + kye 


+ — k_i)k_s 


whence, with k; — 0 and at high negative potentials, ie., 
reaction (IIT) is rate determining, 


(ke + k_ok'en «)ksen 


Therefore, if k_ok' « (ke + k_sk'ey.¢), then, 


i, = 2Fk3cu = °°?! (XV) 
—1 


or: 


on 
dlogi™ 2-303 (XVI) 

Eq. (XVI) is the result formally obtained if one caleu- 
lates the reaction on the basis of a first order hydrogen 
atom combination, and the Tafel line to be expected for 
such a condition has been mentioned by Knorr (14), 
although without formulation. However, it does not seem 
a likely mechanism because (XV) results from the assump- 
tion that the coverage of the surface with adsorbed H is 
small, so that cn = cy. Ke~4¢"/87, If this is so, the value 
of cy,,¢ is small and hence it is less probable that the condi- 
tion quoted for the simplification (XIV) — (XV) will 
oceur. As the surface becomes saturated, and the condition 
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TABLE VIII. Diagnostic criteria and rate in the hydrogen 
evolution reaction (1) 


Tafel Stoichio- Consistent 


metric rate-determining Remarks 
slope no. step 
0.116 2 H,0- + e, ~ MH Implies low cover- 


(Followed by com- 
bination) 


age of electrode 
with adsorbed H 


0.116 1 H,O- + MH + eo > | Implies that cov- 
H. erage with ad- 
sorbed H is near 

to complete 

0.058 1 (MH), (MH). Slow diffusion 
0.058 1 MH + H, H. | Physically im- 

probable 

0.038 1 | H,O- + MH + e, — | Implies low cover- 
H. of electrode 
with adsorbed H 
0.029 1 MH + MH — H, Could show limit- 


ing current at 
sufficiently high 
current density. 


for (XV) becomes no longer true, cx becomes independent 
of A@ and a limiting current density is set up. 


Deduction of Detailed Mechanism at Various Cathodes 


Summary of connection between parameters and mech- 
anisms.’ At the present time, the connections between 
observed diagnostic parameters and the mechanism they 
indicate is as shown in Table VIII. 

Copper (3).—The absence of a stoichiometric number 
value for Cu in acid solution (not determinable owing to 
its dissolution) leaves the distinction between a rate-deter- 
mining proton discharge and electrochemical desorption 
to be made on secondary grounds, i.e., the invariance of 
the capacity with frequency. This indicates a small cover- 
age of the metal surface with H in the steady state and 
hence favors a rate-determining proton discharge mech- 
anism in acid solution. 

For alkaline solutions, the valuesof »y = 2 and b = 0.116 
indicate a rate-determining proton discharge, probably 
from a water molecule. 

Gold.—In acid solutions, the relevant values are b = 
0.076 at low current densities and b = 0.097 at higher 
current densities, while » = 1. Had the lower slope been 
near to 0.058, then, with » = 1 it would have seemed 
probable that under these conditions a rate-determining 
diffusion mechanism was taking place. A value of b = 
0.076 does not refer, however, to any characteristic 
parameter of a given rate-determining step, and the fact 
that the Tafel line remains linear for some two decades of 
current density precludes the possibility of the contribu- 
tion of two mechanisms to the reaction. The slope is in 
fact one between 0.116 and 0.058 which was recently 
shown (15) to follow for an electrode in the vicinity of the 
electrocapillary maximum if the slope fundamentally 
associated with the mechanism was 0.116, as is confirmed 
by the fact that the slope becomes 0.097 at potentials 
sufficiently far from the electrocapillary maximum. On 
grounds of the Tafel slope, the mechanism could be the 
discharge of protons or the slow electrochemical desorp- 


7 These mechanisms are not complete, ef., e.g., the de- 
velopment of a new mechanism involving H, (10). 
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tion, and these are distinguished by the value of unity 
for the stoichiometric number. Therefore, these results 
indicate a rate-determining electrochemical desorption on 
Au in acid solutions, 

The results for Au in alkaline solutions are b = 0.116 
but v = 2 for solutions of concentration < 0.1 and 1 at 
0.1N. For the results in the solutions at lower concentra- 
tions, Table VIII indicates that the rate-determining 
mechanism must be proton discharge. [The parameters 
would also be consistent with the combination of H,O 
and Na atoms as the rate-determining reaction but it 
can be shown that the rate of deposition of Na on Au in 
alkaline solution is negligibly small (10).] 

In 0.1N NaOH, with b = 0.123, and »v = 1, the two 
possibilities are rate-determining proton discharge from 
water molecules, followed by a fast electrochemical desorp- 
tion step, or, proton discharge from water, followed by a 
slow electrochemical desorption. No evidence is available, 
e.g., on coverage of the surface with adsorbed H in the 
steady state, to indicate which of these two mechanisms 
is preferable. It may be supposed, however, that as the 
slow discharge step has been established as slow in the 
more dilute solutions (where the value of » = 2, combined 
with 6 = 0.116, indicated slow proton discharge, followed 
by rapid atomic combination), it will remain relatively 
sluggish in 0.1N NaOH. 

Molybdenum.—In acid solutions, the values of b = 0.078 
and vy = 1| at low current densities, together with a higher 
value of b (0.104) at more negative potentials, suggest 
the same type of explanation as for Au in acid solution 
(ef. “Gold’”’). The mechanism is therefore a rate-deter- 
mining electrochemical desorption mechanism. 

In alkaline solutions, the values are 6b = 0.094 and 
vy = | at low current densities with a value of b = 0.116 
at higher current densities. Two possibilities would be 
consistent with these parameters. Assuming that the 
Tafel slope unaffected by the et term (where @¢: is the 
potential of the Gouy-Helmholtz layer), which becomes 
important near the electrocapillary maximum (15), is 
0.116, then the rate-determining step may be proton 
discharge from a water molecule, followed by the electro- 
chemical desorption step, or a rate-determining electro- 
chemical reaction. The latter seems probable by analogy 
to the unambiguous result in acid solutions. 

Palladium.—The values of 6 = 0.103 and »y = 2 and 
the mechanism is therefore a rate-determining discharge 
of a proton from a hydroxonium ion, followed by rapid 
combination of H atoms. 

These conclusions for Pd differ from those of Frumkin 
and Aladjalowa (16) and also of Bockris and Azzam (17), 
both of these workers recording a Tafel slope of 0.03 in 
acid solution. These earlier results were obtained under 
sufficiently rigorous conditions of solution preparation, 
but the method of preparing the electrode involved heating 
in air, while here the electrodes were prepared by the 
method of sealing in hydrogen. There was absence of time 
variation in the present results, whereas the former 
workers found considerable variations with time (in their 
purified solutions) indicating the effect of H diffusion 
into the electrode was important. Owing to the mode of 
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electrode preparation used here, H diffusion would doubt- 
less have already occurred into the Pd before electrolysis. 
This would mean that the d levels of the Pd lattice would 
be already filled with the electrons of diffused H at the 
commencement of the electrolysis so that the disappear- 
ance of electrons from the atoms from the discharge step 
into the d holes would be improbable. The discharged H 
would therefore behave like free H atoms on a holeless 
metal and hence combine rapidly, making the discharge 
step rate-determining. 

It may be observed that on Pt, where the Tafel slope 
in pure solution is 0.03 and the stoichiometric number is 
1 [ef. Pd as measured by Bockris and Azzam (17)], it is 
possible to induce a slope about 0.12 (cf. Pd as measured 
by Pentland, Bockris, and Sheldon), by poisoning the 
solution. However, it is improbable that the present 
results on Pd are due to poisoning because of the very high 
degree of pre-electrolytic purification which was carried 
out [considerably higher, for example, than that used by 
Frumkin and Aladjalowa (16)]. The difference in observed 
slopes provides an example of mechansim change caused 
by change of the electronic character of the electrode by 
the presence of H. 

In alkaline solutions, b = 0.112 and vy = 2 indicates 
that the mechanism is the rate-determining discharge of 
protons from water, followed by the fast atomic combina- 
tion. (As with Au, it can be shown that the discharge step 
of Na onto Pd is very slow compared with that of H,O, so 
that the possibility of a rate-determining reaction between 
H.O and Na, also consistent with the observed parameters, 
is to be rejected.) 

Rhodium.—In an acid solution the parameters of b = 
0.056 and »y = 1 would be consistent with a rate-deter- 
mining slow diffusion reaction, or with the first order 
atomic combination. No direct distinction between these 
mechanisms is possible. The parameters could be consistent 
with a rate-determining electrochemical desorption mech- 
anism if the section of slope 0.056 were in the vicinity of 
the electrocapillary maximum potential. However, there 
is no twin linearity with the upper slope of about 0.1 as 
would be expected if this were the mechanism, the behavior 
being similar to that observed for a Pt electrode prepared 
in air (15). 

In alkaline solution, b = 0.119 and vy = 2, indicating 
that the rate-determining step is the discharge of protons 
from water molecules, followed by the rapid atomic com- 
bination. Na* discharge is too slow to be of consequence, 
as with Au and Mo. 

Iron.—No stoichiometric number for acid solutions is 
available, owing to the dissolution which occurs near to 
the reversible potential. The slope of 0.122 would be 
consistent with a rate-determining electrochemical or 
slow discharge reaction. 

In alkaline solution, the value of b = 0.118 andy = 1 
are consistent with either a rate-determining proton 
discharge reaction from water molecules or a proton 
discharge from water, followed by a rate-determining 
electrochemical desorption reaction. 

There is only qualitative evidence to distinguish the 
two steps here. Fischer and Heiling (18) have shown that 
on Fe, overpotential is easily “transferred” from the 
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“polarization side” to the “diffusion side” of an electrode. 
It follows that there is a large concentration of H on the 
polarization side in the steady state and this is in favor 
of a rate-determining electrochemical mechanism, which 
demands a well covered surface, compared with a rate- 
determining slow proton discharge reaction, which requires 
low coverage of the electrode with H atoms in the steady 
state. 
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Kinetics of Silver-Silver lon Exchange 


Crectt V. anp ANN-MARI SIMONSEN 


Department of Chemistry, New York University, New York, New York 


ABSTRACT 


Silver is known to exchange rapidly with its own ions on initial immersion in solution, 
with much slower exchange continuing through a sluggish layer of adsorbed salt. In the 
present work Ag coupons were immersed repeatedly in radioactive AgNO, of four con- 
centrations, with hot water washing to remove adsorbed salt between immersions. 
Followed in this way, the exchange was found to be kinetically of first order, with one 
immersion as the time unit. The ‘‘rate constant”’ is nearly independent of concentration, 
and the calculated maximum exchange corresponds to the Ag in 35-50 atomic layers, 
based on measured area. Four-day measurement of the slow exchange which follows 
initial immersion indicated an equilibrium exchange current of about 4 X 10~° amp/cm? 


in 0.5N AgNOs. 


Radioactive tracers make it possible to measure the 
amount of adsorption of metal salts on metal specimens 
of small surface area, and to study the nature, extent, and 
kinetics of metal ion exchange. Such studies give useful 
information concerning the nature of the metal and espe- 
cially of its surface layers, and assist in explaining its 
behavior as an electrode. To study adsorption it is neces- 
sary to use radioactive anions, which cannot exchange 
with the metal. In the study of exchange, the amount of 
adsorption can be neglected usually since it is compara- 
tively small; however, adsorption does have profound 
influence on the kinetics of exchange, at least in the 
case of Ag. 

The Ag-Ag ion exchange has been studied from several 
viewpoints (1-4). It is apparent that three stages need 
to be considered: (a) rapid initial exchange, quickly 
blocked by a slow adsorption-desorpfion process; (6) 


slow exchange through the adsorbed layer and extending 
through several atomic layers of the metal; and (c) final 
equilibration throughout the metal, negligibly slow at 
room temperature. 

King and Levy (3) studied the effect of repeated brief 
immersion of Ag coupons in AgNO, solutions with Ag!” 
as tracer, with long washing between immersions to remove 
adsorbed salt. The present experiments are an extension 
of that work, with a study of the effect of washing in hot 
and cold water, of the role of solution concentration on the 
kinetics and amount of exchange, and of other matters of 
interest. 


EXPERIMENTAL 


Inch-square coupons of commercial rolled silver sheet 
were cleaned and treated as described before (3). They 
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TABLE I. Amount of exchange on 30-sec immersions in active 
AgNO; of the concentrations given, followed by 
5-min washing 


No. of Equivalents/cm*, X 10'° 

immerse | | | 0.25N | O.SN 
| | 

2 80 | 91 | 67 | 148 | 123 
4 109 «(115 | 114 244 
6 150 | 109 | 163 | 242 | 225 
8 164 | 114 185 | 273 | 287 
10 223 | #120 | 235 | 310 | 335 
12 | | | | 367 
14 275 | 131 | 274 | 346 | 407 
16 290 154 | 321 | «(360 (435 
18 317 161 | 354 378 | 470 
20 330 165 374 410 491 
22 361 | 169 412 437 | 531 
24 375 | 179 437 452 | 552 
26 409 190 447 465 | 562 
28 430 210 467 486 584 
30 — | 217 479 — | @s 
32 470 226 504 on kh 
34 479 | 244 | 513 670 
36 — | 22 | 532 —— 
38 520 | 270 6| «552 | — | 704 
40 274 561 
42 529 | 288 570 —_ 748 
6 | — | 30 | 508 | — | 780 
48 | | 37 | oo | — | 71 
50 | 539 — | 6 | — | = 


*Washed in stirred water at room temperature; all 
others in boiling water. 


were kept in 0.1N inactive AgNO; until needed (at least 
one week). The conversion of counts per minute to equiva- 
lents exchanged was made as before. Immersions were at 
room temperature, 25°-30°C, in 100 ml of solution, and 
numerical values are the averages from two coupons, which 
seldom differed more than 10% except in the first series as 
noted below. The solutions contained enough radioactivity 
to insure at least 100 cpm above background, after one 
immersion. 

Removal of activity by washing —Coupons were immersed 
in 0.1N active AgNO;, blotted dry with tissue, and 
counted; then washed for l-min periods, or longer, by 
suspending in 400 ml of distilled water at room tempera- 
ture, with a motor stirrer. After a 30-sec immersion, the 
activity remaining after three 1l-min washes was not 
reduced by further washing up to 60 min. However, if 
the coupons remained in the active solution 24 hr, washing 
up to a total of 40 min was necessary to reduce activity 
to a minimum. 

Boiling water removed more activity than cold water. 
In one experiment cold water reduced activity to 465 cpm, 
further washing in hot water decreased it to 425 cpm. The 
drop in activity is not great, but since it is due to removal 
of firmly adsorbed salt it is important in the exchange 
kineties as shown below. 

Exchange on repeated immersion.—Coupons were given 
30-sec immersions, followed by 5-min washes in cold or 
hot water, with results as shown in Table I. Since in the 
first runs (0.1N AgNOs) it became obvious that hot water 
washing was much more effective in promoting further 
exchange, it was used in further experiments. In the first 
experiments the coupons were counted after every wash- 
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ing; later, to save time, after every second washing. Only 
every second immersion is reported in Table I. 

The series done in 0.1N AgNO, with cold washing shows 
irregularities near the start and near the end, and the 
two coupons eventually differed in count by 30%. The 
experiments were done over a 3-week period, and the 
coupons acquired a slight visible tarnish. They were now 
cleaned by a 5-min immersion in 0.1M KCN solution, 
which was deaerated (30 min in advance) with N (passed 
over hot Cu and through CrCl, solution). The activity 
remaining corresponded to the fourth previous immersion. 
On the first new immersion it jumped to the 15th previous 
value, and thereafter for 22 immersions, carried out within 
three days, exchange proceeded at a “rate” 25% greater 
than in the original series. It is concluded that the Ag area 
was probably increased by the cyanide treatment. 

Kinetics of the exchange—With hot water washing the 
exchange per immersion decreases steadily, and this sug- 
gests an upper limit far short of equilibrium distribution 
of the activity. Plots of the reciprocal of the amount 
exchanged (1/x) vs. the reciprocal of the number of 
immersions (1/n) are nearly linear if the first several points 
are disregarded. They all extrapolate at 1/n = 0 to points 
corresponding to end-values near 1000 equiv/em? 
of exchange. With two coupons (25 cm*) in 100 ml of 
0.025N solution, 0.1% of the active Ag ion would finally 
enter the metal; equilibrium through all the Ag would 
require that 90% of the activity be found in the metal. 

Data were compared with the first-order rate equation 
in the form 


kn = Ina — In (a — 2) (1) 


With a, the maximum exchange, taken as 1000 « 10-” 
equiv/cm?, plots of log (a — 2) vs. n are nearly straight 
lines. From the slopes the constant k can be determined. 

Since the above extrapolation is somewhat uncertain, 
k was evaluated by the Guggenheim method (5), which 
does not require prior knowledge of a in a first-order 
process. The equation used in the present case is 


kn = constant — In (Xe (II) 


where X,. and X, represent exchange values a constant 
number of immersions apart. By plotting log (22 — 2x2), 
log (ae — 24), etc., vs. n (either subscript), straight lines 
are obtained, and & is found from the slopes. From the 
equation 


ny = 0.693/k (111) 


the number of immersions for half-complete exchange is 
determined, and X4 read from the data of Table I. The 
value of a was actually obtained by starting from the 
second immersion and adding its value to 2 X, later. 


TABLE II. ‘‘Rate constants’ for Ag-Ag ion exchange 


Cagnoy a, eq/cm* X 
0.025 0.029 740 
0.10* (0.007) 

0.10 0.034 760 
0.25 0.032 760 
0.50 0.028 1010 


*Washed in cold water. 
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5 10 15 20 
NUMBER OF IMMERSIONS 


Fig. 1. Loss of activity in inactive solution 


Values of a and k determined in this way are given in 
Table II. More exchange measurements in 0.25N AgNO; 
would have been helpful. The method could not be applied 
to the series with cold washing and & as given is an approxi- 
mation from the first method described above. 

Reversibility of exchange-—After the experiments of 
Table I with 0.025N and 0.25N AgNOs, immersions were 
continued in inactive solutions of the same concentrations, 
with hot water washing as before. Fig. 1 indicates that 
continued treatment would not be effective in removing all 
activity. This is similar to the results found by other 
experimenters (1, 2, 4), who did not, however, wash with 
hot water between immersions. 

Exchange current——To obtain information about the 
exchange current, io, after adsorption equilibrium has 
been reached, it is necessary to immerse coupons for longer 
periods of time, and subtract the immediate exchange 
from the total. The following experiments were carried 
out: (A) two coupons were given four 30-see immersions 
in 0.5N AgNOs, with 5-min hot water washing, all within 
2 hr; (B) two coupons were immersed for 30 sec each day 
for 4 days; (C) two coupons were immersed and removed 
each day for a 1-hr wash in hot water and counting. The 
amount of exchange is given in Table ITI. 

Exposure to laboratory air or simply the 24-hr time 
lapse may be responsible for the greater exchange in (B) 
than in (A), and the same factor may account for some 


of the irregularities in Table I. In any case, if the values’ 


of column (A) are subtracted from those of (C), the indi- 
cated exchange current density is about 4 x 107° amp/ 


TABLE III. Exchange under various conditions, 
equiv/em? X 10% 


Immersion | A | B Cc 
1 | 56 63 | 69 
2 | 80 100 165 
3 97 | 138 | 
4 120 | 150 236 
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em’. Actually, the rate of slow activity pickup should be 
extrapolated to zero time to calculate ip properly. Similar 
values are estimated from previous work (2, 3, 7). 


Discussion 


The ordinarily close agreement. of exchange with two 
coupons treated identically, and the general agreement of 
“rate constants” and maximum exchange values (Table 
II), indicate that the experimental method used here was 
satisfactory. The lack of detailed reproducibility shows 
that small, perhaps uncontrollable variations in technique 
may lead to large variations in the results obtained. The 
true surface area is easily changed by slight corrosion or 
etching. Unknown amounts of sulfide were picked up 
from the laboratory air. Adsorbed oxygen may be present 
but it is doubtful if any oxide is formed at room tempera- 
ture; it has been reported that no oxide is formed on 
polishing Ag in air (6). 

Gerischer and Tischer (2) found that the rate of activity 
pickup is essentially the same on single crystals as on 
polycrystalline silver, and that deaeration of the solutions 
has little effect. 

Tingley, Henderson, and Coffin (4) showed that the 
method of preparing Ag specimens makes a large difference 
in the rate and extent of exchange. Annealed, etched 
samples exchanged to a maximum of about 10 atomic 
layers in 10 hr, while unannealed, polished samples 
exchanged about 100 layers in 40 hr of constant immersion. 
This compares with the authors’ values on commercial 
rolled sheet of 35-50 layers, only 25% of which was 
reached in 4 days of immersion (Table ITI). Tingley, et al., 
also found that the apparent depth of exchange increased 
with solution concentration, which agrees with the results 
of Table IT. 

It is clear that the initial exchange is quickly blocked 
by adsorption of the Ag salt, not hampered by slow diffu- 
sion within the metal or by deposition of impurities from 
the solution, since the type of washing is more important 
than other factors. Both initial adsorption and _ initial 
exchange rates are no doubt proportional to solution 
concentration; this accounts for an activity pickup per 
immersion which is not highly dependent on concentration. 

Baerg and Winkler (1) introduced a technique which 
could be used to remove adsorbed salt more quickly and 
certainly than washing alone. After brief immersion and 
rinsing the Ag specimen, they discharged adsorbed Ag 
ions cathodically. On reimmersion the activity pickup was 
similar to that shown in Table I. Baerg and Winkler 
thought this due entirely to chemisorption, and repeated 
the procedure only 5 times. If continued, results similar 
to those reported here should be obtained, the discharged 
ions adding a small amount to the activity. No surface 
compounds such as sulfide would accumulate. 

Gerischer postulated that a concentration gradient of 
radioactive ions is set up at the Ag surface, in dilute solu- 
tions. Data of Table I support this view, since there was 
more apparent initial exchange from the more concen- 
trated solutions. For complete exchange in only one 
atomic layer (20 x 10~ equiv/em?), the equivalent of all 
the Ag ions in a layer of 0.1N solution 2 x 10~° cm thick 
must enter the metal. The concentration of active ions is 
about 10™ equiv/em*, and they could be replaced by 
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diffusion across a definite layer of the above thickness at a 
rate of about 5 107" equiv/cem*/sec. Each immersion 
must result in some surface deficiency of active ions, so 
that the measured exchange is always less than the true 
exchange. The effect is minimized in more concentrated 
solutions or when the exchange is slow. 

Stirring has little or no effect on the amount of activity 
pickup per immersion (3). This is understandable even 
though diffusion is involved, since even extremely vigorous 
stirring has little effect on liquid less than 10~* em from 
the surface. 

The irreversible part of the exchange is not due appre- 
ciably to interior diffusion. Extrapolation of self-diffusion 
coefficients in Ag from temperatures at which they can 
be measured to 25° or even 100°C gives negligible values 
(7), and interior diffusion would be incompatible with 
definite end-values of exchange. The present experiments 
with hot water washing show that it is not merely a ques- 
tion of low rate because of adsorbed salt. Gerischer and 
Tischer report that the amount of immobilized Ag depends 
on the time and temperature of storage. Tingley, Hender- 
son, and Coffin found similar results; certain samples of 
active Ag which were stored for 220 days did not lose 
activity at all to an inactive solution, although they 
acquired more activity in an active solution. 

Gerischer and Tischer showed that a fresh Ag surface, 
prepared by cathodic reduction of a layer of AgCl, becomes 
smoother in contact with AgNO; solution. Different faces 
of Cu single crystals show a difference in potential for a 
long time (8), and less stable faces rearrange to expose 
more stable planes (9). Long pre-equilibration in inactive 
solution should minimize local cell action, but autoradio- 
graphs have shown that Ag acquires more activity at 
scratches and edges than elsewhere, even after 5 months 
of pre-equilibration (7). 

Local cell electrolysis no doubt buries some of the 
acquired activity, but can take place only when the metal 
is immersed. Additional trapping of activity may be 
explained in the following way: (a) It is assumed that 
most of the exchange takes place at comparatively few 
active centers, which are too close and uniformly spaced 
to be deteeted by autoradiographs. These centers may be 
due to a high surface concentration of lattice vacancies, 
to surface dislocations, or to imperfections or irregularities 
in the distorted layer of polished or cold-worked surfaces. 
(6) Rapid diffusion can occur around and under these 
centers, perhaps to a few thousand Ain depth, depending 
on the surface preparation. (c) In the course of time most 
or all of these active centers are obliterated, while new 
ones are formed, by vacancy migration, surface diffusion, 
ete. It is known that surface and grain boundary diffusion 
are much faster in Ag than lattice diffusion (10), but it is 
not known to what depth the faster diffusion takes place. 

Exchange current.—This term is defined as the rate of 
exchange at the equilibrium potential, but values are 
usually estimated from measurements in which the elec- 
trode is not at equilibrium with the solution, as from the 
relation of double layer capacity to overvoltage, or from 
the constants of the Tafel equation (11). Gerischer and 
Tischer calculated ip from the initial Ag-Ag+ exchange 
rates; in one series of experiments they attempted to 
dissolve Ag anodically at a rate just sufficient to prevent 
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activity pickup. Under these conditions i» is about 107° 
amp/cm?, 

Vielstich and Gerischer used a potentiostatie method to 
measure ty for Ag in cyanide and ammonia solutions (12). 
The current at constant potential, extrapolated to zero 
time, was plotted vs. overvoltage in both cathodic and 
anodic directions. From the slope at equilibrium potential 
(n = 0) io was estimated, the values being near 10~* amp / 
cm* in both types of solution. Measurements were also 
made without complexing agents but not published, since 
the authors felt that metal lattice formation was partially 
rate-controlling, and thus a complicating factor (13). The 
exchange current was estimated as about 2 x 10-* amp/ 
em?. 

Exchange. current as measured at an active electrode is 
greatly influenced by inhibitors and even by minute 
traces of firmly adsorbed impurities. In the present case 
adsorption of the Ag salt evidently reduces ip to a low 
value, and anything from 10~* to 10~* amp/cm? might be 
obtained, depending on how much the experimental 
method disturbs the adsorbed layer. The exchange current 
at adsorption equilibrium is evidently large enough to 
allow potential measurements without undue difficulty, 
or perhaps the adsorbed layer has always been disturbed 
in making such measurements. As explained by Akimov 
(14), if Z is less than 10~" amp/cm? the potential becomes 
unstable; even very small forced currents polarize the 
electrode so much that equilibrium is not restored in a 
reasonable time, and usually other reactions will take over. 
The effects of impurities and competing reactions have 
been summarized and discussed by Bockris (15). 


Manuscript received January 23, 1956. This paper was 
prepared for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956, and is taken from a Master’s Thesis 
submitted by Ann-Mari Simonsen to the Graduate School 
Faculty of New York University. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JourNAL. 
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Electronics — Screen Application 
(Abstracts 93-97) 

Thursday, May 16—2:00 P.M.-4:30 
P.M. (Foyer No. 3) 

Electrothermics and Metallurgy (Ab- 
stracts 98-102) 

Monday, May 13—2:00 P.M.-4:30 
P.M. (South American Room) 
Electrothermics and Metallurgy— 
Corrosion (Abstracts 103-108) 
Tuesday, May 14—9:00 A.M.-12:00 

M. (South American Room) 
Tuesday, May 14—2:00 P.M.-5:00 
P.M. (South American Room) 

Electrothermics and Metallurgy (Ab- 
stracts 109-129) 

Wednesday, May 15—9:00 A.M. 
11:30 A.M. (South American Room) 

Wednesday evening, May 15—7:30 
P.M.-9:55 P.M. (South American 
Room) 

Thursday, May 16—9:00 A.M- 
11:30 A.M. (South American Room) 

Thursday, May 16—2:00 P.M.-4:30 
P.M. (South American Room) 

Industrial Electrolytic (Abstracts 
130-137) 

(Both sessions in Pan American Room) 

May 13—9:30 A.M.-11:30 
A.M. 

Monday, May —2:00 P.M.-4:00 
P.M. 

Theoretical Electrochemistry—Joint 
Symposium with the National 
Science Foundation (Abstracts 
138-199) 

(All sessions in Federal Room) 

Monday, May 13—9:30 A.M.-12:00 
M. 


Monday, May 13—2:00 P.M.-5:00 
P.M. 


Tuesday, May 14—9:00 A.M.—12:10 
P.M. 


Tuesday, May 14—2:00 P.M.-5:00 
P.M. 


Wednesday, May 
11:30 A.M. 


Wednesday evening, May 
P.M.-10-40 P.M. 

Thursday, May 16—9:00 A.M— 
11:45 A.M. General session. 


Thursday, May 16—1:45 P.M.-4:45 
P.M. General session. 


15—9:00 A.M— 


15—7 :30 


GENERAL INFORMATION 


Conventional Headquarters will be 
at. the Hotel Statler, 16th St. at K&L 
Sts., N.W., Washington, D. C. 

Rates per day for rooms (with bath) 
will be: single room $10.00, 11.00, 12.00, 
13.00; double-bed room $15.00, 16.00; 
twin-bed room $15.00, 16.00, 17.00, 18.00, 
20.00; suites for one or two $35.00 to 
$75.00 


Requests for room reservations at the 
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Headquarters Hotel should be mailed to 
the Front Office Manager, Hotel Statler, 
16th St. at K&L Sts., tw ., Washington 
13, D. C. 

Other hotels within two blocks o° the 
Headquarters Hotel and their minimum 
rates are: 

Ambassador, 14th & K Sts., N.W.— 
single $6.00, double $8.00, twin $10.00, 
parlor suite $14.00. 

Hamilton, 14th & K Sts., N.W.—single 
$6.00, double $9.00, twin ‘$10.50, parlor 
suite $25.00. 

Lee House, 15th & L Sts., N.W.— 
single $7.75, double $11. 25, twin $11 .25, 
parlor suite $21.00. 

Requests for room reservations should 
include mention of The Electrochemical 
Society. 

The Office of the Secretary will be in 
the Michigan Room on the Mezzanine 
Floor. 

All technical sessions will be held on 
the Mezzanine Floor. 

Ladies’ Headquarters will be in the 
New York Room on the Mezzanine Floor. 
For details, see program under Ladies’ 
Program. 


REGISTRATION 


The registration desk will be in the 
upper lobby on the Mezzanine Floor. 
Following is the registration schedule: 

Sunday, May 12—3:00 P.M. to 9:00 


P.M. 
May 13—8:00 A.M. to 5:00 
al May 14—8:30 A.M. to 5:00 
Wednesday, May 15—8:30 A.M. to 
5:00 P.M. 
Thursday, May 16—8:30 A.M. to 
12:00 M. 
Registration fees are: 


00 
$3.00 


INFORMATION ABOUT 
WASHINGTON 


As the Nation’s Capital, Washington 
has many attractions which those at- 
tending the 111th Meeting of the Society 
will want to see. Three blocks from the 
Headquarters Hotel is the White House, 
flanked by the old bingy tA and State 
Department buildin Within walking 
distance of the White House is the 
Washington Monument, situated on the 
Mall, which is faced by the Lincoln 
Memorial on one end and the Capitol on 
the other. Congress will undoubtedly be 
in session and visitors may watch the 
proceedings of the Senate or the House 
of Representatives from the galleries. 
Famous historical shrines in the area 
include Mt. Vernon, Custis-Lee Mansion, 
Arlington Cemetery, and the Tomb of 
the Unknown Soldier. 

While there are many monuments, 
parks, historical sights, and Govern- 
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ment buildings, visitors may also want to 
visit the Smithsonian Institute, Folger 
Shakespearean Library, the National 
Zoological Park, the National Gallery 
of Art, and the embassies and legations 
of the nations of the world. 

Electrochemists will be interested in 
the Government research laboratories 
and the scientific installations in the 
area. Naval Research Lab., Naval 
Ordnance Lab., National Bureau of 
Standards, Naval Observatory, Geo- 
logical Survey, Bureau of Mines, Dept. 
of Agriculture, and the National In- 
stitutes of Health have extensive re- 
search facilities in the area. In addition, 
there are the universities: Georgetown 
University, George Washington Uni- 
versity, American University, Catholic 
University, and the University of 
Maryland and the Johns Hopkins Uni- 
versity Applied Physics Lab., and, of 
course, the Headquarters of the Amer- 
ican Chemical Society is just a short 
distance from the Hotel Statler. 

Those working on Government re- 
search contracts may want to see where 
the money comes from. Congress, the 
Dept. of the Treasury, and its Bureau 
of Engraving and Printing play their 
part (not to mention taxpayers), but 
the Air Research and Development 
Command, the Atomic Energy Com- 
mission, the National Advisory Com- 
mittee for Aeronautics, the Office of 
Naval Research, and the National 
Science Foundation make many of the 
contracts from their offices in Wash- 
ington. 

While attending the 1957 Spring 
Meeting of the Society, you will want to 
take advantage of the opportunity to go 
sight-seeing in the Nation’s Capital, or 
to visit your colleagues in Washington in 
their laboratories, or to call on your 
contract sponsor. 


SYMPOSIA 


The Electric Insulation Division 
has scheduled symposia on: New Ma- 
terial Developments; Thermal Evalu- 
ation and Classification of Materials; 
Insulation Life; Prefabricated Cir- 
cuitry; and a Panel Discussion on High 
Temperature Capacitors. 

The Corrosion Division and Elec- 
trothermics and Metallurgy Division 
have scheduled a joint symposium on the 
Role of Metal and Oxide Structure in 
Oxidation and Corrosion. 

The Electrothermics and Metal- 
lurgy Division has scheduled a sym- 
posium on Chemical Metallurgy, and 
another Symposium on Columbium 
(Niobium). 

The Industrial Electrolytic Di- 
vision has scheduled one symposium on 
Fused Salt Electrolysis, and another on 
Chlor-Alkali Processes. 

The Theoretical Electrochemistry 
Division and the National Science 
Foundation have scheduled a_ joint 
symposium of six sessions on the Struc- 
ture of Electrolytic Solutions (Electro- 
lytes); this symposium was made pos- 
sible by the generous financial support 
of the National Science Foundation, 
Washington, D. C. The Division has also 
scheduled two general sessions. 


GENERAL FUNCTIONS 
Symposia Chairmen Breakfasts 


On Monday, Tuesday, and Wednes- 
day, May 13, 14, and 15, at 7:45 A.M., 
special breakfasts for all symposia chair- 
men will be held in the Ohio Room. On 
Thursday, May 16, the breakfast will 
be held in the California Room. 


Monday Evening Mixer 


On Monday, May 13, all those regis- 
tered at the meet ing are invited to attend 
the get-acquainted Mixer in the Presi- 
dential Ballroom from 8:00 to 11:00 
P.M. Beer, soft drinks, potato chips, and 
pretzels will be served on a compli- 
mentary basis. A bar will be available 
for the purchase of mixed drinks. 


Tuesday Luncheon and Annual 
Business Meeting 


The Electrochemical Society Luncheon 
and Annual Business Meeting will be 
held Tuesday, May 14, at 12:15 P.M. in 
the Presidential Ballroom. 


Tuesday Evening Reception 
and Banquet 


A reception for President and Mrs. 
Hans Thurnauer will be held at 6:30 
P.M. in the Federal Room. Cocktails 
will be served from 6:30 to 7:30 P.M., 
followed by dinner at 7:30 P.M. in the 
Congressional Room. President Thur- 
nauer will’deliver the Presidential Ad- 
dress. 


Wednesday Electronics Division 
Cocktail Mixer 


The Electronics Division will hold a 
Cocktail Mixer from 5:00 to 6:30 P.M. 
on Wednesday, May 15, in the South 
American Room. 


LABORATORY TRIPS 


Three laboratory trips have been 
arranged for this meeting. Participation 
in these visits must be arranged for at 
the time of registration. Transportation 
tickets should be purchased at this 
time. 

Monday, May 13, 1:45 P.M.—Citizens 
of the United States attending the 
meeting will be conducted on a tour of 
the U.S. Naval Research Lab. in Wash- 
ington. The radioactive cobalt facilities, 
the van de Graff installation, and the 
nuclear reactor will comprise part of the 
tour. Also, the Electric Insulation Sec- 
tion where work on the thermal evalu- 
ation of dielectrics is being carried on 
will be shown. Finally, a visit to the 
Electrochemical Branch will be made to 
witness the work on batteries and gas 
detection. Transportation will be by 
chartered bus from the 16th St. entrance 
of the Hotel Statler ($1.00). The esti- 
mated time of return to the hotel is 
5:00 P.M. 

Tuesday, May 14, 12:15 P.M.— 
Citizens of the United States attending 
the meeting will be conducted on a tour 
of the U. 8. Naval Ordnance Lab., White 
Oak in Silver Spring, Md. The guided 
tour will include visits to the Ordnance 
Environmental Lab., where experimental 
ordnance items are subjected to a 
variety of simulated conditions, such as 
shock, vibration, temperature and 
climate, and deep sea pressure; the 
Plastics and Battery Labs., and the 
Supersonic Wind Tunnels and Ballistic 
Ranges, where scale models are used in 
wide-range studies of the aerodynamic 
and physical problems encountered in 
extremely high speed flight. The visiting 
group will have lunch in the NOL 
cafeteria at the visitor’s expense. Trans- 
portation will be by chartered bus from 
the 16th St. entrance of the Hotel 
Statler ($1.00). The estimated time of 
return to the hotel is 5:00 P.M. 

Wednesday, May 15, 1:45 P.M.—A 
tour of the National Bureau of Stand- 
ards has been arranged (attendance will 
be limited to 200). The tour will begin 
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with a short address by Dr. Wallace R. 
Brode, Associate Director for Chem- 
istry. Immediately following the ad- 
dress the guests will visit various active 
research projects at the Bureau. Trans- 
portation will be by chartered bus from 
the 16th St. entrance of the Hotel 
Statler ($1.00). The estimated time of 
return to the hotel is 4:45 P.M. 


LADIES’ PROGRAM 


Ladies’ Headquarters will be in the 
New York Room throughout the meet- 
ing. A member of the Ladies’ Committee 
will be in the Ladies’ Headquarters on 
Sunday from 3:30 to 9:00 P.M. to wel- 
come and assist the ladies in every way. 

The temperature in Washington dur- 
ing May is usually in the 70°-80° range. 
The height of the azalea and rhododen- 
dron season is at this time of the year. 

Monday morning, May 13—A get- 
together period with coffee will be held 
in the Ladies’ Headquarters, starting at 
9:30 A.M. (complimentary). 

Monday afternoon, May 13—A 
luncheon and fashion show will be held at 
the Mayflower Hotel, starting at 1:00 
P.M. The ladies will leave from the 16th 


St. entrance of the Hotel Statler at 


12:30 P.M. and will return about 2:30 
P.M. The remainder of the afternoon 
will be open for shopping or individual 
sight-seeing. 

Monday evening, May 13—The ladies 
are invited to accompany their husbands 
to the Mixer at 8:00 P.M. (compli- 
mentary). 

Tuesday morning and afternoon, 
May 14—Coffee will be served in the 
Ladies’ Headquarters at 9:30 A.M. 
(complimentary). At 10:30 A.M. the 
ladies will meet at the 16th St. entrance 
of the hotel to board a bus for a tour of 
the Capitol and Supreme Court Build- 
ings. Luncheon will be served at the 
well-known Hogate’s Sea Food Res- 
taurant. The bus will return to the hotel 
about 3:30 P.M. 

Tuesday evening, May 14—The 
ladies are invited to attend the Recep- 
tion and Banquet at 6:30 P.M. 

Wednesday morning and after- 
noon, May 15—Coffee will be served in 
the Ladies’ Headquarters at 9:30 A.M. 
(complimentary). At 10:15 A.M. the 
ladies will meet at the 16th St. entrance 
of the hotel to board the bus for a trip to 
historic Arlington Cemetery, Alex- 
andria, and Mt. Vernon. Luncheon will 
be served en route and the bus will re- 
turn to the hotel about 3:30 P.M. 

Thursday morning, May 16—Coffee 
will be served at 9:30 A.M. in the Ladies’ 
Headquarters (complimentary). This 
morning and afternoon have been left 
open for informal tours. There is ample 
transportation by taxi, bus, or street 
ear, and many points of interest are 
within walking distance of the Hotel 
Statler. 


LUNCHEONS AND _ BUSINESS 
MEETINGS OF DIVISIONS 


Electric Insulation Division Lun- 
cheon and Business Meeting, Monday, 
May 13, at 12:00 M. in the Congressional 
Room. 

Electronics Division Luncheon and 
Business Meeting, Wednesday, May 15, 
at 12:30 P.M. in the South American 
Room. 

Electrothermics and Metallurgy 
Division Luncheon and Business Meet- 
ing, Wednesday, May 15, at 12:30 M. in 
the Pan American Room. 

Industrial Electrolytic Division 
Luncheon and Business Meeting, Mon- 
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day, May 13, at 12:00 M. in the South 
American Room. 

Theoretical Electrochemistry Di- 
vision Luncheon, Wednesday, May 15, 
at 12:00 M. in the Federal Room honor- 
ing foreign speakers whose presence 
have been made possible by the joint 
sponsorship of the National Science 

oundation; Business Meeting, Thurs- 
day, May 16, at 11:45 A.M. in the Federal 
Room. 


BOARD AND COMMITTEE 
MEETINGS 


Sunday, May 12, 2:00 P.M.—Meeting 
of the Board of Directors in the Pan 
American Room. 

Monday, May 13, 4:30 P.M.—Meet- 
ing of the Council of Local Sections in 
the California Room. 

Tuesday, May 14, 4:30 P.M.—Meet- 
ing of the Membership Committee in the 
California Room. 

Wednesday, May 15, 4:00 P.M.— 
Meeting of the Editorial Staff of the 
Journal in the California Room. 

Thursday, May 16, 12:00 M.— 
Meeting of General Chairmen of Future 
Meetings in the Michigan Room. 


COST OF VARIOUS FUNCTIONS 
(other than registration) 


Symposia Chairmen Breakfasts... $2.50 
Division Luncheons............. $3.75 
Society Luncheon................ $3.75 
Monday Evening Mixer Complimentary 
Tuesday Reception and Banquet... $7.50 
Trip to U. S. Naval Research Lab. 


(transportation). ............ $1.00 
Trip to U. S. Naval Ordnance 
Lab. (transportation)........ $1.00 


Trip to National Bureau of Stand- 
ards (transportation). ....... 
Electronics Division i 
Ladies’ Functions 
Monday—Fashion-Luncheon... $4.00 
Tuesday—Capital Tour and 
Wednesday—Tour 
(Book of three tickets. . $9.00) 


(The above 


prices include gratuities 


and taxes) 


JOURNALS 


Copies of the February, March, 
April, and May issues of the JouRNAL 
of The Electrochemical Society will be 
available at the registration desk. The 
price of a single copy of the JouRNAL is 
$1.25 to members and $1.75 to non- 
members. 


EXTENDED ABSTRACTS 


The Electronics Division and 
Theoretical Electrochemistry Di- 
vision are making available extended 
abstract booklets containing 1000-word 
abstracts of the papers presented at the 
Divisions’ Washington symposia. 

The Electronics Division booklet 
should be available by about April 15 
from Martin F. Quaely, Research Dept., 
Lamp Div., estinghouse Electric 
Corp., Bloomfield, N. J., at the price of 
$2.00 each. 

The Theoretical Electrochemistry 
Division booklet can be obtained, prob- 
ably before the meeting, from Dr. Ralph 
Roberts, 3308 Camalier Drive, Washing- 
ton 15, D. C., at the price of $3.00 pom 4 

Copies of both booklets will be on sale 
at the registration desk at the Washing- 
ton Meeting. 


WASHINGTON PROGRAM 


DISCUSSION 


There will be no recordings made of 
oral discussions. Those contributing to 
the discussion of a paper and desiring 
their remarks published will be supplied 
by the symposium chairman with a 
printed form on which any discussion 
may be written. These forms should be 
given to the Secretary-Treasurer of the 
Division or to the Managing Editor of 
the JouRNAL after the session, or can be 
forwarded to the Managing Editor of 
the JouRNAL, 216 West 102nd St., New 
York 25, N. Y. The discussion will then 
be referred to the authors for reply. 
Publication of the discussion and the 
comments of the authors depends on 
publication of the article in the JouRNAL. 

Written discussion should be sub- 
mitted within two months following 
publication of any article in the 
JOURNAL. 

A Discussion Section is published 
semiannually in the JouRNAL. 


EMPLOYMENT POSTERS 


Companies which desire to recruit 
employees at the Washington Meeting 
will have posters to this effect on a 
bulletin board near the registration 
desk. 


Technical Program 
Monday, May 13, 1957 


9:00 A.M.—Formal Opening of the 111th 
Meeting with Introduction by Gen- 
eral Chairman Fielding Ogburn and 
Response by President Hans Thur- 
nauer (Federal Room). 


NOTES 


Address of author(s) is included with 
the abstract. In the Index to Authors, 
the abstract number is used instead of 
the page number. 

Only two technical sessions, Elec- 
tronics—Luminescence and Electron- 
ies—Semiconductors, are scheduled for 
the afternoon of Wednesday, May 15. 
Sessions that would normally be held at 
this time will be held Wednesday eve- 
ning. 
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CORROSION—ELECTRO- 
THERMICS AND METAL- 
LURGY 


Joint Symposium 
Tuesday, May 14, 1957 


Role of Metal and Oxide Structure 
in Oxidation and Corrosion 


(SOUTH AMERICAN ROOM) 


9:00 A.M. and 2:00 P.M.—See Electro- 
thermies and Metallurgy—Corro- 
sion Program on p. 58C. 


ELECTRIC INSULATION 


Monday, May 13, 1957 


New Material Developments 
with D. A. Lupfer presiding 


(CONGRESSIONAL ROOM) 


9:30 A.M.—‘“Electric Moments of 
Certain Partially Fluorinated 
Esters”’ by J. B. Romans and T. D. 
Callinan (Abstract No. 1) 

10:00 A.M.—*‘A New Dielectric Liquid 
for Impregnating Fixed Paper 
Capacitors” by T. D. Callinan and 
J. B. Romans (Abstract No. 2) 

19:30 A.M.—‘Progress Report on the 
Development of Metal Fiber 
Paper” by H. F. Arledter 

(Abstract No. 3) 

11:00 A.M.—‘“‘Electric Strength of 
Perchlorylfluorid: (ClO;F) Gas” 
by J. J. Chapman and L. J. Frisco 

(Abstract No. 4) 

12:00 M.—Electric Insulation Division 
Luncheon and Business Meeting in 
the Congressional Room. Guest 
speaker, K. N. Mathes, General 
Electric Co., Schenectady, N. Y. 


Electric Insulation (cont'd) 


Monday, May 13, 1957 


Panel Discussion 
with D. A. Lupfer presiding 


(CONGRESSIONAL ROOM) 


2:00 P.M.—Panel Discussion of High 
Temperature Capacitors: K. H. 


Meeting 


Corrosion—Electrother- 
mics and Metallurgy) 
Electric Insulation | C Cc 
Electronics : 
Luminescence 
Semiconductors 
Thermionic Cathodes | 
Instrumentation 
Sereen Application 
Electrothermics and| 
Metallurgy SA 
Industrial Electrolytic | PA | PA 
Theoretical Electro- 
chemistry F 


Tuesday 


A.M. | P.M. | A.M. 


Thursday 


Wednesday 


| pM. | AM. | PM. | Eve. AM. | PM. 
SA | 
| PA| PA | PA 
lclclr c|c 
O Oo 
PA PA 
N 
SA | SA | SA | SA 
F F | F F F 


SA = South American Room. 
C = Congressional Room. 

PA = Pan American Room. 
F = Federal Room. 

P = Presidential Ballroom. 

O = Ohio Room. 


N = Foyer No. 3. 
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Brandt, Convair, Pomona, Calif.; 
R. G. Breckenridge, National Car- 
bon Co., Parma, Ohio; J. G. Breet- 
love, American Lava 'Corp., Chat- 
tanooga, Tenn.; J. M. Booe, P. R. 
Mallory & Co., Indianapolis, Ind.; 
C. E. Doyle, Wright Air Develop- 
ment Center, Wright-Patterson Air 
Force Base, Ohio; J. F. Fabricius, 
rague Electric Go., North Adams, 
Mas: ; R. 8. Hower, Allen-Bradley 
Milwaukee, Wis.; 8. E. Rose, 
yl Mfg. Co., Lawrence, Mass.; 
N. H. Terhune, Signal Corps En- 
ineering Labs., Fort Monmouth, 
Wensel, American 
Machine and Foundry, Alexandria, 
Va. 


Electric Insulation (cont'd) 
Tuesday, May 14, 1957 


Thermal Evaluation and 
Classification of Materials 
with E. L. Brancato presiding 


(PAN AMERICAN ROOM) 


9:00 A.M.—“International Activities 
in the Evaluation of Electrical 
Insulation” by L. J. Berberich 

(Abstract No. 5) 

9:3 A.M.—“Chemical Rate Phe- 
nomena in the Deterioration of 
Electrical Insulation” by T. W. 
Dakin (Abstract No. 6) 

10:00 A.M.—‘Principles for Classi- 
fication of Insulating Materials”’ 
by K. N. Mathes (Abstract No. 7) 

10:30 A.M.—“‘Thermal Evaluation of 
Electrical Insulating Materials” 
by J. F. Dexter (Abstract No. 8) 

11:00 A.M.—“‘Thermal Stability of 
Laminated Thermosetting Plas- 
tics’’ by W. B. Kouwenhoven and 
G. G. Knickerbocker 

(Abstract No. 9) 

12:15 P.M.—Society Luncheon and 
Business Meeting in the Presidential 
Ballroom. 


Electric Insulation (cont'd) 
Tuesday, May 14, 1957 


Insulation Life 
with E. L. Brancato presiding 


(PAN AMERICAN ROOM) 


2:00 P.M.—*‘Statistical Methods Use- 
ful in Predicting Insulation 
Life” by W. E. Horton 

(Abstract No. 10) 

2:30 P.M.—‘‘Application of Extreme 
Value Statistics on Breakdown 
Phenomena” by J. H. Davidson 

(Abstract No. 11) 

3:00 P.M.—“‘Derivation of Electronic 
Part-Failure Statistics from Ma- 
terial Properties” by J. A. Connor 
and D. I. Troxel 

(Abstract No. 12) 

3:30 P.M.—*‘Corona and Its Effect on 
Insulation—A Résumé” by T. W. 
Liao (Abstract No. 13) 

4:00 P.M.—“Effects of High-Energy 
Gamma Radiation on Dielectric 
Solids” by P. H. Klein 

(Abstract No. 14) 


Electric Insulation (cont'd) 
Wednesday, May 15, 1957 


Prefabricated Circuitry 
with C. E. Coy presiding 


(PAN AMERICAN ROOM) 


9:00 A.M.—**Some Aspects of Missile 
Package Design” by J. P. Morone 
(Abstract No. 15) 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


9:45 A.M.—*Production of Prefabri- 

cated Circuitry” by M. F. Patrick 

(Abstract No. 16) 

10:30 A.M.—“Component Parts for 

Printed Wiring Assemblies” by 

H. C. Frankel and Wilbur Gross 

(Abstract No. 17) 

11:15 A.M.—‘‘Application of Pre- 

fabricated Circuitry to Airborne 

Electronics Equipment” by G. B. 
Way and N. R. Dunbar 

(Abstract No. 18) 


Electric Insulation 
Wednesday, May 15, 1957 


Prefabricated Circuitry (cont'd) 
with C. E. Coy presiding 


(PAN AMERICAN ROOM) 


8:00 P.M.—“‘Use of Shape as a Design 
Tool” by R. K. Jenny 
(Abstract No. 19) 
8:45 P.M.—“Quality Improvement in 
the Manufacture of Printed 
Wiring” by E. J. Lorenz 
(Abstract No. 20) 
9:30 P.M.—*‘An Approach for Meeting 
Future Needs of Electronic Com- 
ponents” by A. A. Lawson 
(Abstract No. 21) 


ELECTRONICS— 
LUMINESCENCE 


Tuesday, May 14, 1957 
with J. F. Waymouth presiding 


(CONGRESSIONAL ROOM) 


9:00 A.M.—Keynote Address—*‘Elec- 
troluminescent and Field Effects 
in Phosphors” by H. F. Ivey 

(Abstract No. 22) 

9:50 A.M.—“Effect of Electron Traps 
on the Brightness Waveform of 
Electroluminescent ZnS:Cu”’ by 
F. F. Morehead, Jr. 

(Abstract No. 23) 

10:20 A.M.—‘‘Field Enhancement of 
X-Ray Excited Luminescence in 
ZnS-CdS:Mn(Au)”’ by Georges De- 
striau (Abstract No. 24) 

10:50 A.M.—**Characteristics of Elec- 
troluminescence at Audio Fre- 
quencies” by R. M. Rulon and F. 
Koury (Abstract No. 25) 

11:20 A.M. — “Electrocathodolumi- 
nescence” by P. M. Jaffe 

(Abstract No. 26) 

12:15 P.M.—Society Luncheon and 
Business Meeting in the Presidential 
Ballroom. 


Electronics—Luminescence (cont'd) 


Tuesday, May 14, 1957 
with R. J. Ginther presiding 


(CONGRESSIONAL ROOM) 


2:00 P.M. — “AC Conductivity 
Measurements on CdS Crystals 
under Various Types of Illumi- 
nation” by 8. Jaffe, H. Kallmann, 
B. Kramer, and G. M. Spruch 

(Abstract No. 27) 

2:30 P.M.—*‘Action of Temperature 
on the X-Ray Electroenhance- 
ment Effect”’ by J. Mattler 

(Abstract No. 28) 

3:00 P.M.—“Thin Film Phosphors”’ 
by L. R. Koller (Abstract No. 29) 

3:30 P.M.—“Diffusion of Excitation in 
CdS Crystals” by H. Kallmann, 
B. Kramer, and A. Orenstein 

(Abstract No. 30) 
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4:00 P.M.—‘“‘Variations of the Fermj 
Level in ZnS Phosphors Con. 
taminated with Iron Family 
Impurities” by N. Arpiarian 

(Abstract No. 31) 

4:30 P.M. — “Investigations in 
CuGaS,-ZnS and AgGaS,.-Zn§ 
Systems” by E. F. Apple 

(Abstract No. 32) 


Electronics — Luminescence (cont'd) 


Wednesday, May 15, 1957 
with H. C. Froelich presiding 


(CONGRESSIONAL ROOM) 


9:00 A.M.—‘“‘Energy Storage and 
Decay in Various by 
H. Kallmann and E. Sucov 
(Abstract No. 33) 
9:30 A.M.—“‘Luminescence of ‘Self- 
Coactivated’ ZnS-Cu”’ by M. H. 
Aven and R. M. Potter 
(Abstract No. 34) 
10:00 A.M.—*‘Process of Light Stimu- 
lation in ZnS Phosphors” by H. 
Kallmann, W. Schneider, and M. 
Sidran (Abstract No. 35) 
10:30 A.M.—‘‘Energy Transfer and 
Sensitization in Single-Crystal 
Phosphors”’ by R. Leach 
(Abstract No. 36) 
11:00 A.M. — “Some Aspects of 
Quenching of Fluorescence in 
Organic Liquids” by M. Furst and 
H. Kallmann (Abstract No. 37) 
11:30 A.M.—“Infrared Photography 
with the Help of Various In- 
organic Phosphors” by H. Kall- 
mann and J. Rennert 
(Abstract No. 38) 
12:30 P.M.—Electronics Division Lunch- 
eon and Business Meeting in the 
South American Room. 


Electronics—Luminescence (cont'd) 


Wednesday, May 15, 1957 
with L. Thorington presiding 


(FEDERAL ROOM) 


2:00 P.M. — “Time Constants of 
Alpha- and Electron-Produced 
Light Flashes” by G. Brucker and 
H. Kallmann (Abstract No. 39) 

2:30 P.M.—‘‘Resolution of Thermo- 
luminescence Curves” by C. H. 
Haake (Abstract No. 40) 

3:00 P.M.—‘‘Potential Energy Curves 
for Phosphors” by K. H. Butler 

(Abstract No. 41) 

3:30 P.M.—‘“‘A Review of the Meas- 
urement of the Quantum Ef- 
ficiency of Inorganic Phosphors” 
by J. Tregellas-Williams 

(Abstract No. 42) 

5:00 P.M. to 6:30 P.M.—Electronics 
Division Cocktail Mixer in the 
South American Room. 


Electronics—Luminescence (cont'd) 


Thursday, May 16, 1957 
with A. H. McKeag presiding 


(CONGRESSIONAL ROOM) 


9:00 A.M.—‘*Temperature Charac- 
teristics of Phosphors for Use in 
High Pressure Mercury Vapor 
Lamps” by A. H. McKeag 

(Abstract No. 43) 

9:30 A.M. —‘*Temperature Depend- 
ence of Fluorescence” by R. W. 
Mooney (Abstract No. 44) 

10:00 A.M.—‘‘Gray Discoloration in 
Calcium Halophosphates” by W. 
L. Wanmaker and M. G. A. Tak 


(Abstract No. 45) 
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10:30 A.M. — “Cerium-Activated 
Halophosphate Phosphors” by 
S$. T. Henderson and P. W. Ranby 

(Abstract No. 46) 

11:00 A.M.—‘‘Luminescence of Tin- 

Activated Strontium Orthophos- 
hate” by H. Koelmans and A. P. 
M. Cox (Abstract No. 47) 

11:30 A.M.—‘“‘Zinc Modified Ortho- 
phosphate Phosphors” by M. J. 
B. Thomas and K. H. Butler 

(Abstract No. 48) 


Electronics—Luminescence (cont’d) 


Thursday,. May 16, 1957 
with J. H. Schulman presiding 


(CONGRESSIONAL ROOM) 


2:00 P.M.—-“‘Transition Probability 
Ratios in KCI:Tl and KCl:In” 
by F. E. Williams, P. D. Johnson, 
and B. Segall (Abstract No. 49) 

2:30 P.M.—‘*‘Shape of the F-Band in 
KCl” by J. J. Markham and J. D. 
Konitzer (Abstract No. 50) 

3:00 P.M.—‘‘Interaction of Color 
Centers in the Alkali Halides’’ 
by W. D. Compton and John Lambe 

(Abstract No. 51) 

3:30 P.M.—‘‘Luminescence of Color 
Centers” by John Lambe and W. 
D. Compton (Abstract No. 52) 

4:00 P.M.—“‘Experiments on Color 
Center Production in KI:TI” 
by H. N. Hersh (Abstract No. 53) 

4:30 P.M.—‘“‘Color Centers in Cad- 
mium Fluoride” by M. Ruben- 
stein and E. Banks 

(Abstract No. 54) 


ELECTRONICS— 
SEMICONDUCTORS 


Tuesday, May 14, 1957 
with H. L. Goering presiding 


(PRESIDENTIAL BALLROOM) 


9:00 A.M.—Introductory Remarks by 
H. M. Pollack 
9:10 A.M.—Keynote Address—‘*‘Com- 
pound Semiconductors” by D. A. 
Jenny (Abstract No. 55) 
9:55 A.M.—‘‘New Semiconductors” 
by J. H. Wernick and K. E. Benson 
(Abstract No. 56) 
10:15 A.M.—“‘Carrier Transport Phe- 
nomena in Germanium Bicrys- 
tals’”’ by H. F. Mataré and B. Reed 
(Abstract No. 57) 
10:35 of Ge 
Grain Boundaries” by O. Wein- 
reich and H. F. Mataré 
(Abstract No. 58) 
10:55 A.M.—“Growth and Definition 
of Bicrystals’”’ by R. Wegener and 
H. F. Mataré (Abstract No. 59) 
11:15 A.M.—‘‘Dissociation Pressure 
and Cohesive Energy of Indium- 
Phosphide’”’ by K. Weiser 
(Abstract No. 59A) 
12:15 P.M.—Society Luncheon and 
Business Meeting in the Presidential 
Ballroom. 


Electronics—Semiconductors (cont’d) 


Tuesday, May 14, 1957 
with W. Webster presiding 
(PRESIDENTIAL BALLROOM) 

2:30 P.M.—“Impurity Diffusion in 
Germanium and Silicon” by M. 
Tanenbaum (Invited Paper) 

(Abstract No. 60) 

3:15 P.M.—“Effects of Heat Treat- 
ment on Silicon Diffusion-Cre- 
ated Devices” by C. Levi and I. 
Weiman (Abstract No. 61) 
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3:30 P.M.—“Oxygen as an Impurity 
in Transistor Grade Silicon’ by 

W. Kaiser and P. H. Keck 
(Abstract No. 62) 
4:00 P.M.—‘“Ternary Distribution 
Coefficients in Silicon” by David 
Navon (Abstract No. 63) 
4:20 P.M.—‘“‘Evaporation and Alloy- 
ing of Metals to Silicon” by J. 
M. Goldey, M. Tanenbaum, and N. 
Holonyak, Jr. (Abstract No. 64) 
4:40 P.M.—“Recent News” Papers. 
Titles and short abstracts will be 
available at the Registration Desk. 


Electronics—Semiconductors 
(cont’d) 


Wednesday, May 15, 1957 
with W. Dills presiding 


(PRESIDENTIAL BALLROOM) 


9:00 A.M.—“Transistor-Grade Sili- 
con, I. Preparation of Ultrapure 
Silicon Tetraiodide” by Bernard 
Rubin, G. H. Moates, and J. R. 
Weiner (Abstract No. 65) 

9:20 A.M.—‘“‘Transistor-Grade Sili- 
con, II. Zone Purification of 
Silicon Tetraiodide’” by G. H. 
Moates and Bernard Rubin 

(Abstract No. 66) 

9:40 A.M.—Paper withdrawn. 

(Abstract No. 67) 

10:10 A.M.—‘“Contribution to the 
Floating Zone Technique for 
Refining Silicon’? by E. Buehler 

(Abstract No. 68) 

10:35 A.M.—“Heat Treatment of 
Silicon Using Zone Heating 
Techniques” by H. C. Theuerer, 
J. M. Whelan, H. E. Bridgers, and E. 
Buehler (Abstract No. 69) 

11:00 A.M.—“Recent News” Papers. 
Titles and short abstracts will be 
available at the Registration Desk. 

12:30 P.M.—Electronics Division Lunch- 
eon and Business Meeting in the 
South American Room. 


Electronics -— Semiconductors 
(cont’d) 
Wednesday, May 15, 1957 
with B. J. Rothlein presiding 


(CONGRESSIONAL ROOM) 


2:00 P.M.—“‘Optical Measurement of 
Film Growth on Silicon and 
Germanium Surfaces in Room 
Air” by R. J. Archer 

(Abstract No. 70) 

2:25 P.M.—“Bonding Material for 
Making Contact to Etched P- 
Type Silicon” by D. R. Mason and 
J. C. Sarace (Abstract No. 71) 

2:45 P.M.—‘“‘Description of Electro- 
chemical Jet Etching of Silicon” 
by Albert Mark (Abstract No. 72) 

3:15 P.M.—‘‘Mechanism of Electro- 
lytic Rectification” by P. F. 
Schmidt (Abstract No. 73) 

3:35 P.M.—‘“Recent News” Papers. 
Titles and short abstracts will be 
available at the Registration Desk. 

5:00 P. M. to 6:30 P.M.—Electronics 
Division Cocktail Mixer in the 
South American Room. 


ELECTRONICS—THERM - 
IONIC CATHODES 


Wednesday, May 15, 1957 
with R. C. Hughes presiding 


(OHIO ROOM) 


7:30 P.M.—Introductory Remarks by 
R. H. Plumlee 


57C 


7:35 P.M.—Keynote Address—“Re- 
cent Work on Surface Properties 
of Oxide Semiconductors” by J. 
J. Lander (Abstract No. 74) 
8:15 P.M.—‘*Thermionic Emission 
Characteristics of Thoriated 
Rhenium” by W. E. Nexsen, Jr., 
and G. B. Gaines (Abstract No. 75) 
8:45 P.M. — “Thermionics and 
Evaporation Properties of Some 
Lanthanide Oxides” by D. L. 
Schaefer (Abstract No. 76) 
9:15 P.M.—“Emission from Barium 
on Tantalum Carbide” by J. E. 
White (Abstract No. 77) 
9:45 P.M.—“*Preparation and Proper- 
ties of the Magnesium Oxide 
Cold Cathode” by Dietrich Do- 
bischek (Abstract No. 78) 


Electronics—Thermionic Cathodes 
(cont’d) 


Thursday, May 16, 1957 
with S. Wagener presiding 


(OHIO ROOM) 


9:00 A.M.—“‘Reactions of Oxide Cath- 
odes with Gases at Low Pres- 
sures” by R. J. Ruka and E. A. 
Gulbransen (Abstract No. 79) 

9:30 A.M.—“The Electron Microscopy 
of Alkaline Earth Carbonates”’ 
by C. F. Tufts (Abstract No. 80) 

10:00 A.M.—‘Relationship between 
Thermal Decomposition in Vac- 
uum and Macrostructure of 
Alkaline Earth Carbonates” by 
B. Wolk and J. G. Buck ° 

(Abstract No. 81) 

10:30 A.M.—‘‘Study of Interface Im- 
pedance Characteristics of Seven 
Commercial Cathode Nickel Al- 
loys”’ by C. D. Richard, Jr., and 
A. M. Bounds (Abstract No. 82) 

11:00 A.M.—“‘Considerations of Oxide 
Cathode Interface Impedance” 
by A. P. Haase, R. E. Holmes, and 
F. J. Schmidt (Abstract No. 83) 

11:30 A.M.—“‘A Study of the Molded 
Nickel Cathode” by C. P. Hadley, 
W. G. Rudy, and A. J. Stoeckert 

(Abstract No. 84) 


Electronics—Thermionic Cathodes 
(cont’d) 


Thursday, May 16, 1957 
with J. E. White presiding 


(OHIO ROOM) 


2:00 P.M.—‘‘New Developments in 
the L-Cathode”’ by C. A. M. van 
den Broek and A. nen 

(Abstract No. 85) 

2:30 P.M.—Unscheduled Reports on 
Recent Developments. 

3:00 P.M.—Round-Table Discussion. 
The purpose of this round table is to 
promote an entirely unrestricted ex- 
change of ideas between the audi- 
ence and a panel of active workers 
in the field. Controversial subjects 
will be welcomed for discussion. 
Members of the audience may be 
called on for comments on the dis- 
cussion. 


ELECTRONICS—INSTRU - 
MENTATION 


Thursday, May 16, 1957 
with A. E. Martin presiding 


(PAN AMERICAN ROOM) 


9:00 A.M.—“‘Equipment for the Au- 
tographic Determination of the 
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Electrical Resistance of Metals 
at High Temperatures” by G. A. 
Moore (Abstract No. 86) 
9:40 A.M.—**Methods of 
High Resistances” by E. 
Turner, Jr. (Abstract No. 87) 
10:10 A.M.—‘‘Calibration of Kine- 
scope Test Sets for Color Balance 
and Light ~ 
Kirkpatrick and A. Hardy 
No. 88) 
10:40 A.M.—‘‘Interferometric Cali- 
bration of Kinescope Aluminum 
Film Thickness Meters” by G. P. 
Kirkpatrick and T. A. Saulnier 
(Abstract No. 89) 


Electronics—Instrumentation 
(cont’d) 


Thursday, May 16, 1957 
with A. E. Martin presiding 


(PAN AMERICAN ROOM) 


2:00 P.M.—‘‘An Apparatus for 
Vacuum and Atmospheric Dif- 
ferential Thermal Analysis’ by 
J. G. Rabatin and C. 8. Card 

(Abstract No. 90) 

2:30 P.M.—‘‘Application of Lead 
Sulfide Detector to the Study of 
Luminescence in the Near In- 
frared Region”? by J. M. Gold- 
stein, W. M. McNabb, and J. F. 
Hazel (Abstract No. 91) 

3:00 P.M.—*“‘Effect of Current Drains 
on Cadmium Standard Cells” 
by G. D. Vincent (Abstract No. 92) 


ELECTRONICS—SCREEN 
APPLICATIONS 


Thursday, May 16, 1957 
with M. Sadowsky presiding 


(FOYER NO. 3) 


2:00 P.M.—‘*‘Wet and Dry Strengths of 
Cathode Ray Screens” by R. W. 
Spencer, N. W. McCready, and 

m. Stericker (Abstract No. 93) 

2:30 P.M.—‘‘Sedimentation Volumes 
of a Phosphor Powder in Potas- 
sium Silicate and Potassium Sil- 
icate-Barium Acetate Settling 
Media” by J. F. Hazel and Louis 
Fiorito (Abstract No. 94) 

3:00 P.M.—‘‘Surface Phenomena As- 
sociated with the Application of 
Organic Films to Phosphor 
Screens” by R. W. Dudding 

(Abstract No. 95) 

“Photodeposition of Lu- 

by M. Sadow- 


3:30 P.M.— 
minescent Screens” 
sky and D. Payne, Jr. 

(Abstract No. 96) 

4:00 P.M.—**Phosphor Slurry Process 
for Color-Kinescope Screening”’ 
by D. J. Donahue and T. A. Saulnier 

(Abstract No. 97) 


ELECTROTHERMICS AND 
METALLURGY 


Monday. May 13, 1957 


Chemical Metallurgy 
with John Blocher presiding 


(SOUTH AMERICAN ROOM) 


2:00 P.M.—*“*High Temperature Oxi- 
dation of High Purity Nickel 
between 750° and 1050°C”’ by E. A. 
Gulbransen and K. F. Andrew 

(Abstract No. 98) 

2:3 P.M.—‘‘Ten-Gram Levitation 
Melted Ingots” by G. Comenetz 
and J. W. Salatka 

(Abstract No. 99) 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


3:00 P.M.—‘‘Growth of Whiskers by 

Reduction of Halogenides” by 

H. Wiedersich (Abstract No. 100) 

3:30 P.M.—“‘Zone Melting of Ura- 

_ nium” by C. I. Whitman, V. Comp- 
ton, and R. B. Holden 

(Abstract No. 101) 

4:00 P.M.—‘*Molybdenum Plating 

inside of Large Bore Tubes” by 

P. L. Raymond (Abstract No. 102) 


ELECTROTHERMICS AND 
METALLURGY—CORROSION 


Joint Symposium 
Tuesday, May 14, 1957 


Role of Metal and Oxide Structure in 
Oxidation and Corrosion 
with W. E. Tragert presiding 


(SOUTH AMERICAN ROOM) 


9:00 A.M.—“Influence of Crystal 
Face on Some Electrochemical 
Properties of Single Crystals of 
Copper” by Gwathmey 

(Abstract No. 103) 

10:00 A.M.—‘“‘Structural and Chem- 
ical Factors Associated with the 
Fracture of Metals” by W. D. 
Robertson (Abstract No. 104) 

11:00 A.M.—“‘Influence of Structural 
Factors on the Corrosion of 
Stainless Steel’’ by N. A. Nielsen 
and M. A. Streicher 

(Abstract No. 105) 

12:15 P.M.—Society Luncheon and 
Business Meeting in the Presi- 
dential Ballroom. 


Electrothermics and Metallurgy— 
Corrosion (cont’d) 


Joint Symposium (cont'd) 
Tuesday, May 14, 1957 


Role of Metal and Oxide Structure in 
Oxidation and Corrosion 
with D. A. Vermilyea presiding 


(SOUTH AMERICAN ROOM) 


2:00 P.M.—*‘Role of Metal and Oxide 
Structures in High Temperature 
Oxidation Processes” by C. E. 
Birchenall (Abstract No. 106) 

3:00 P.M.—“‘Effect of Dislocations in 
Oxide Films on Oxidation” by 
N. Cabrera (Abstract No. 107) 

4:00 P.M.—“‘Interaction of Oxide and 
Metal Crystal Structures’ by 
J.T. Waber (Abstract. No. 108) 


Electrothermics and Metallurgy 
(cont’d) 


Wednesday, May 15, 1957 


Symposium on Columbium 
(Niobium) 
with Bruce Gonser presiding 


(SOUTH AMERICAN ROOM) 


9:00 A.M.—Introductory Remarks by 
Bruce Gonser. 
9:05 A.M.—‘*The Element Colum- 
bium and Its Compounds” by J. 
R. Darnell and L. F. Yntema 
(Abstract No. 109) 
9:35 A.M.—*Supplies of Columbium” 
by K. B. Higbie (Abstract No. 110) 
10:00 A.M.—‘‘Some Sources and Pro- 
duction Statistics for Colum- 
bium” by H. P. Croft 
(Abstract No. 111) 
10:30 A.M.—“‘Economic Aspects and 
Supply Situation for Colum- 
bium”’ by R. L. Carmichael 
(Abstract No. 112) 


March 1957 


11:00 A.M.—“A Review of the Ex. 
tractive Metallurgy of Niobium” 
by M. E. Sibert, A. J. Kolk, and 
M. A. Steinberg (Abstract No. 113) 

12:30 M.—Electrothermics and Metal- 
lurgy Division Luncheon and Busi- 
ness Meeting in the Pan American 
Room. 


Electrothermics and Metallurgy 
(cont’d) 


Wednesday, May 15, 1957 


Symposium on Columbium 
(Niobium) (cont’d) 
with E. M. Sherwood presiding 


(SOUTH AMERICAN ROOM) 


7:30 P.M.—“‘Informal Comments on 
the ONR Program of Basic Re- 
search on Columbium” by N. E. 
Promisel (Abstract No. 114) 

7:45 P.M.—‘‘Separation of Ta and 
Nb’’ by J. L. Tews and 8. L. May 

(Abstract No. 115) 

8:15 P.M.—*‘Preparation and Proper- 
ties of High Purity Tantalum and 
Columbium” by R. C. Bourke, 
J. M. Blocher, Jr., and I. E. Camp- 
bell (Abstract No. 116) 

8:45 P.M.—‘Preparation of High 
Purity, Ductile Niobium by 
Fusion Electrolysis’ by A. J. 
Kolk, M. E. Sibert, and M. A, 


Steinberg 
(Abstract No. 117) 
9:15 P.M.—‘‘Analysis of Certain 
Metallic Impurities in Niobium” 
by J. F. Reed and A. H. Wolfe 
(Abstract. No. 118) 
9:35 P.M.—‘‘Analysis of Oxygen and 
Nitrogen in Niobium” by W. 
Harris 
(Abstract No. 119) 


Electrothermics and Metallurgy 
(cont’d) 


Thursday, May 16, 1957 


Symposium on Columbium 
(Niobium) (cont’d) 
with A. U. Seybolt presiding 


(SOUTH AMERICAN ROOM) 


9:00 A.M.—*“‘Hydrogen and Niobium 
—Reaction and Diffusion Ki- 
netics” by M. W. Mallett and W. 
M. Albrecht (Abstract No. 120) 

9:30 A.M.—‘‘Tensile Properties of 
Niobium on the Basis of Purity 
and Prior Stress History”’ by F. 
J. Anders, Jr., and W. I. Pollock 

(Abstract No. 121) 

10:00 A.M.—‘‘Ductile - to - Brittle 
Transition in Niobium” by E. T. 
Wessel and D. D. Lawthers 

(Abstract No. 122) 

10:30 A.M.—“Effect of Rare Earth 
Additions on the Ductility of 
Arc Melted Group V-A Metals” 
by J. W. Semmel, Jr. 

(Abstract No. 123) 

11:00 A.M. on Co- 
lumbium” by J. 

No. 124) 


Electrothermics and Metallurgy 
(cont’d) 


Thursday, May 16, 1957 


Symposium on Columbium 
(Niobium) (cont’d) 
with E. M. Mahla presiding 


(SOUTH AMERICAN ROOM) 
2:00 P.M.—“Oxidation of Niobium 


between 375° and 700°C”’ by FE. A. 
Gulbransen and K, F. Andrew 
(Abstract No. 125) 
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2:30 P.M.—‘‘Development of Oxida- 
tion-Resistant Niobium Alloys” 
by H. T. Kling (Abstract No. 126) 


3,00 P.M.—“‘Effect of Alloy Additions 
on the Oxidation Resistance of 
Niobium” by F. J. Clauss and C. 
A. Barrett (Abstract No. 127) 


3:30 P.M.—‘Oxidation of Niobium- 
Chromium Alloys at Elevated 
Temperatures” by C. A. Barrett 
and F. J. Clauss 

(Abstract No. 128) 


4:00 P.M.—‘‘Vacuum Reactions of 
Niobium during Sintering’ by 
W. D. Klopp, C. T. Sims, and R. 
I. Jaffee (Abstract No. 129) 


INDUSTRIAL ELECTROLYTIC 


Monday, May 13, 1957 


Fused Salt Electrolysis 
with M. Janes presiding 


(PAN AMERICAN ROOM) 


9:30 A.M.—‘‘Electromagnetic Forces 
in a Large Aluminum Furnace” 
by O. Chr. Bockman and J. Wleiigel 

(Abstract No. 130) 


10:00 A.M.—“‘Electrical Conductivity 
of Molten Fluorides, I. Apparatus 
and Method” by E. W. Yim and 
Morris Feinleib 

(Abstract No. 131) 


10:30 A.M.—*‘Electrical Conductivity 
of Molten Fluorides, II. Con- 
ductance of Alkali Fluorides, 
Cryolites, and Cryolite-Base 
Melts” by E. W. Yim and Morris 
Feinleib (Abstract No. 132) 


11:00 A.M.—‘‘Uranium Metal Prep- 
aration by Electrolytic Reduc- 
tion of Its Oxides” by L. W. 
Niedrach and B. E. Dearing 

(Abstract No. 133) 


12:00 M.—Industrial Electrolytic Di- 
vision Luncheon and Business Meet- 
ing in the South American Room. 
J.C. Cole will give the Chlor-Alkali 
Committee Report. 

(Abstract No. 134) 


Industrial Electrolytic (cont'd) 


Monday, May 13, 1957 


Chlor-Alkali Processes 
with J. C. Cole presiding 


(PAN AMERICAN ROOM) 


2:00 P.M.—‘“‘Influence of Impurities 
in the Electrolyte in Chlorine- 
Caustic Electrolysis by the Mer- 
cury Cell Process, VI. Investiga- 
tion of the Influence of Graphite 
Particles on Amalgam Decompo- 
sition and Cathodic Current 
Efficiency” by Gésta Angel, Rolf 
Brinnland, and Stig Dahlerus 

(Abstract No. 135) 


2:30 P.M.—“‘The Castner-Kellner 
Shunt Circuit for Mercury Chlor- 
Alkali Cells’’ by M. Janes 

(Abstract No. 136) 


3:00 P.M.—‘“‘Electrolytic Production 
of Sodium Perchlorate Using 
Lead Dioxide Anodes” by J. C. 
Schumacher, D. R. Stern, and 
P. R. Graham 

(Abstract No. 137) 


WASHINGTON PROGRAM 


THEORETICAL ELECTRO- 
CHEMISTRY 


Monday, May 13, 1957 
Joint Symposium 


Structure of Electrolytic Solutions 
(Electrolytes) 


Sponsored by the National Science 
Foundation and the ECS 
with W. J. Hamer presiding 


(FEDERAL ROOM) 


9:30 A.M.—Introductory 
by W. J. Hamer 


9:35 A.M.—“‘Interpretation of Activ- 
ity and Osmotic Coefficients” by 
George Scatchard 

(Abstract No. 138) 


10:05 A.M.—‘‘Electrolytic Solution 
Problem in Statistical Mechan- 
ics’? by J. E. Mayer 

(Abstract No. 139) 


10:35 A.M.—‘‘Successes and Limita- 
tions of the Theory of Debye and 
Hiickel” by E. A. Guggenheim 

(Abstract No. 140) 


11:05 A.M.—‘‘Statistical Mechanical 
Theory of Plasmas and Liquid 
Metals” by J. G. Kirkwood 

(Abstract No. 141) 


11:35 A.M.—‘‘Properties of Concen- 
trated Solutions of Acids and 
Alkalies” by R. P. Bell 

(Abstract No. 142) 


Remarks 


Theoretical Electrochemistry 
(cont’d) 


May 13, 
Joint Symposium 


Monday, 1957 


Structure of Electrolytic Solutions 
(Electrolytes) (cont’d) 


Sponsored by the National Science 
Foundation and the ECS 
with E. Yeager presiding 


(FEDERAL ROOM) 


1:45 P.M.—‘‘Present State of the 
Electrolyte Problem’? by C. A. 
Kraus (Abstract No. 142A) 


2:00 P.M.—‘‘Properties of Rare Earth 
Salts in Electrolytic Solutions” 
by F. H. Spedding and Gordon 
Atkinson (Abstract No. 143) 


2:30 P.M.—‘‘Nuclear Magnetic Res- 
onance Studies of Aqueous 
Solutions” by H. 8. Gutowsky 

(Abstract No. 144) 


3:00 P.M.—‘‘Raman Spectral Studies 
of Ionic Equilibria in Solutions 
of Strong Electrolytes” by T. F. 
Young (Abstract No. 145) 


3:30 P.M.—‘‘Melting Mechanisms of 
lonic Crystals” by A. R. Ubbelohde 
(Abstract No. 146) 


4:00 P.M.—‘“Influence of Complex 
Ions on Structure and Reactivity 
of Fused Salts’ by E. R. Van 
Artsdalen (Abstract No. 147) 


4:30 P.M.—“‘A Point of View on Ion 
Clouds; A Suggested Explanation 
of an Activity Anomaly in Dilute 
Aqueous LiCl Solutions’ by H. 
S$. Frank and P. T. Thompson 

(Abstract No. 148) 
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Theoretical Electrochemistry 
(cont’d) 
Tuesday, May 14, 1957 


Joint Symposium 


Structure of Electrolytic Solutions 
(Electrolytes) (cont'd) 


Sponsored by the National Science 
Foundation and the ECS 
with Ralph Roberts presiding 


(FEDERAL ROOM) 


9:00 A.M.—“‘Incomplete Dissociation 
in Aqueous Salt Solutions” by 
C. W. Davies (Abstract No. 149) 
9:30 A.M.—‘‘Hydration and Associ- 
ation in Aqueous Electrolyte 
Solutions” by E. Glueckauf 
(Abstract No. 150) 
10:00 A.M.—“‘Hydrogen Bond Struc- 
tures, Hydration of Protons, and 
Proton Transfer in Aqueous 
Solutions” by M. Eigen 
(Abstract No. 151) 
10:30 A.M.—‘‘Quantitative Measure- 
ments of Ionic Vibration Po- 
tentials” by E. Yeager, J. Booker, 
and F,. Hovorka (Abstract No. 152) 
10:55 A.M.—“A Physical Theory of 
Ion Solvation” by M. Balkanski 
(Abstract No. 153) 
11:20 A.M.—‘‘Aquo-ions and Ion 
Pairs” by J. F. Duncan and D. L. 
Kepert (Abstract No. 154) 
11:50 A.M.—“‘lonization of the Bi- 
sulfate Ion; Notes on the Elec- 
tromotive Force Method of De- 
termining Ionization Constants” 
by W. J. Hamer (Abstract No. 155) 
12:15 P.M.—Society Luncheon and 
Business Meeting in the Presi- 
dential Ballroom. 


Theoretical Electrochemistry 
(cont’d) 


May 14, 
Joint Symposium 


Structure of Electrolytic Solutions 
(Electrolytes) (cont’d) 


Sponsored by the National Science 
Foundation and the ECS 
with Ernest Yeager presiding 


Tuesday, 1957 


(FEDERAL ROOM) 


2:00 P.M.—‘‘Heats of Dilution of 
Very Dilute Solutions of Weak 
and Strong Electrolytes” by E. 
Lange (Abstract No. 156) 

2:30 P.M.—*‘Anion Exchange Studies 
of Metal Complexes” by K. A. 
Kraus (Abstract No. 157) 


3:00 P.M.—‘‘Electrophoresis and 
Conductivity in Solutions Con- 
taining Polyelectrolytes” by J. 
J. Hermans (Abstract No. 158) 


3:30 P.M.—‘‘Normal and Abnormal 
Ionic Mobilities in Anhydrous 
Hydrofluoric Acid and Hydrogen 
Peroxide-Water Systems’ by 
Martin Kilpatrick 

(Abstract No. 159) 


4:00 P.M.—‘‘Mobilities of Ions and 
Uncharged Molecules in Solu- 
tions in Relation to Viscosity” 
by R. H. Stokes 

(Abstract No. 160) 


4:30 P.M.—*‘Conductance Equations 
of Robinson-Stokes and Wishaw- 
Stokes Applied to the Regions 
of Dilute and of Concentrated 
Solutions, Respectively” by A. 
N. Campbell (Abstract No. 161) 
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Theoretical Electrochemistry 
(cont’d) 


Wednesday, May 15, 1957 
Joint Symposium 


Structure of Electrolytic Solutions 
(Electrolytes) (cont'd) 


Sponsored by the National Science 
Foundation and the ECS 
with Ralph Roberts presiding 


(FEDERAL ROOM) 


9:00 Redetermination of 
the Value of the Faraday with 
the Iodine Coulometer” by D. 
A. MacInnes and A. R. Pray 

(Abstract No. 162) 

9:3 A.M.—“Diffusion and Activity 
Coefficients of Electrolytes in 
Dilute Aqueous Solutions” by 
H. 8. Harned (Abstract No. 163) 

10:00 A.M.—‘*Thermal Diffusion and 
Related Effects in Solutions of 
Electrolytes” by J. N. Agar 

(Abstract No. 164) 

10:30 A.M.—‘*Temperature Depend- 
ence of the Thermal Diffusion of 
Aqueous KCI” by L. G. Longs- 
worth (Abstract No. 165) 

11:00 A.M.—“Data for the Concentra- 
tion Dependence of the Four 
Diffusion Coefficients of the 
System NaCl-KCI-H.O at 25°” 
by I. J. O’Donnell and L. J. Gosting 

(Abstract No. 166) 

12:00 M.—Theoretical Division Lunch- 
eon honoring foreign speakers of 
the symposium whose presence have 
been made possible by the joint 
sponsorship of the National Science 
Foundation, in the Federal Room. 
Professor Peter Debye, Cornell 
University, speaker. 


Theoretical Electrochemistry 
(cont’d) 


Wednesday, May 15, 1957 
Joint Symposium 


Structure of Electrolytic Solutions 
(Electrolytes) (cont'd) 


Sponsored by the National Science 
Foundation and the ECS 
with W. J. Hamer presiding 


(FEDERAL ROOM) 


7:3 P.M.—“Thermodynamic Func- 
tions of Single Ionic Species in 
Solutions” by Pierre Van Ryssel- 
berghe (Abstract No. 167) 

8:00 P.M.—‘“Some Thermodynamic 
Properties of Solutions of Salts 
of Bivalent Metals’’ by J. M. 
Austin, R. A. Matheson, and H. N. 
Parton (Abstract No. 168) 

8:30 P.M.—“‘Ionization Constants of 
Weak Acids from Spectrophoto- 
metric Measurements” by R. A. 
Robinson (Abstract No. 169) 

9:00 P.M.—‘Conductance and pH 
Measurements in Methanol- 
Water Mixtures’ by Theodore 
Shedlovsky (Abstract No. 170) 

9:25 P.M.—“‘Ionization Equilibria in 
Ammonia-Water Solutions from 
5° to 55° as Obtained from High 
Field Conductance Measure- 
ments” by Emil Arnold, Harlow 
Freitag, and Andrew Patterson, Jr. 

(Abstract No. 171) 

9:50 P.M.—‘“‘An Isopiestic Unit for 

High Temperature Studies’ by 

B. A. Soldano, R. J. Fox, and R. 

W. Stoughton (Abstract No. 172) 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


10:15 P.M.—‘*Thermodynamics of 
Hydrogen Chloride in Ethyl Al- 
cohol from EMF Measurements” 
by G. J. Janz and Harry Taniguchi 

(Abstract No. 173) 


Theoretical Electrochemistry 
(cont’d) 


Thursday, May 16, 1957 


General Session 
with E. Yeager presiding 


(FEDERAL ROOM) 


9:00 A.M.—‘‘Kinetics 
acetate-Thiosulfate Ionic Re- 
action”’ by Gerald Corsaro and 
H.L. Stephens (Abstract No. 174) 

9:20 A.M.—“Zinc Standard Potential 
in Water-Organic Mixtures” by 
Gerald Corsaro and H. L. Stephens 

(Abstract No. 175) 

9:40 A.M.—**Uncommon Valency Ions 
and the Difference Effect’’ by 
M. E. Straumanis 

(Abstract No. 176) 

10:00 A.M.—‘Streaming Potentials 
in Spherical-Grain Sands” by C. 
E. Bleil and Wm. Schriever 

(Abstract No. 177) 

10:20 A.LM.—*“EDL Capacities at Solid 
Metal-Solution Interfaces” by 
J. J. McMullen and Norman Hack- 
erman (Abstract No. 178) 

10:40 A.M.—‘“‘Impedance at Polarized 
Platinum Electrodes in Various 
Electrolytes” by J. N. Sarmou- 
sakis and M. J. Prager 

(Abstract No. 179) 

11:00 A.M.—‘“‘Catalytic Activity and 
Electronic Structure” by Sig- 
mund Schuldiner and J. P. Hoare 

(Abstract No. 180) 

11:20 A.M.—‘‘Mechanism of Hydro- 
gen Producing Reactions on 
Palladium, IV. Electrochemical 
Kinetics on the a-Palladium- 
Hydrogen System in Acid Solu- 
tions” by J. P. Hoare and Sigmund 
Schuldiner (Abstract No. 181) 


11:45 A.M.—Theoretical Electrochem - 
istry Division Business Meeting. 


of Bromo- 


Theoretical Electrochemistry 
(cont’d) 


Thursday, May 16, 1957 


General Session (cont’d) 
with Paul Delahay presiding 


(FEDERAL ROOM) 


1:45 P.M.—‘A Tentative Theory of 
Inhibitions of Aqueous Kolbe 
Electrolyses’”” by G. W. Thiessen 

(Abstract No. 182) 

2:05 P.M.—‘Electrochemical Polar- 
ization, II. Ferrous-Ferric Elec- 
trode Kinetics on Stainless 
Steel’’ by Milton Stern 

(Abstract No. 183) 

2:25 P.M.—‘‘Relation between Pitt- 
ing Corrosion and the Ferrous- 
Ferric Oxidation-Reduction Ki- 
netics on Passive Surfaces” by 
Milton Stern (Abstract No. 184) 

2:45 P.M.—‘‘*The Potential of an 
Electrode of a Voltaic Cell. A 
New Definition with Justifica- 
tion for the Use of Two Sign 
Conventions” by J. B. Ramsey 

(Abstract No. 185) 

3: :05 P.M.—*‘The Silver and Thallium 

Oxide Coulometer”’ by W. T. Foley 
(Abstract No. 186) 


March 1957 


3:25 P.M.—‘Voltammetric Studies 
at Constant Current in Fused 
Chlorides” by J. M. Wood, Jr, 

(Abstract No. 187) 


3:45 P.M.—‘“‘Rates of Oxidation of 
Titanium in Fused Salt Baths” 
by M. E. Straumanis and Ch, 
Chiou (Abstract No. 188) 

4:05 P.M.—*‘Cathode Potentials dur. 
ing the Electrodeposition of 


Molybdenum Aque. 
ous Solutions” W. Ernst 
and M. L. Holt Mines No. 189) 
4:25 P.M.—‘Electrodeposition of 
Iron-Molybdenum Alloys” by 
Albertine Krohn, L. O. Case, and 
N. W. Hovey (Abstract No. 190) 


ABSTRACTS 


Note 


In the Index to Authors, the Abstraet 
Number is listed instead of the number 
of the page on which the Abstract or 
listing in the Technical Program appears. 


ELECTRIC INSULATION 


Abstract No.1 
Electric Moments of Certain 
Partially Fluorinated Esters 


J.B. Romans and T. D. Callinan (present 
address: IBM, Poughkeepsie, N. Y.) 
U. S. Naval Research Lab., Wash- 
ington 25, D. C. 

Electric moments of six partially 
fluorinated esters have been determined. 
Materials studied were liquids at room 
temperature, known to be chemically 
inert and thermally stable. All six esters 
were found to be highly polar compounds 
exhibiting marked tendencies to as- 
sociate molecularly; they possessed 
dipole moments of the order of Ds 8-3.8 X 
10°" esu-em. From _ experimentally 
determined permanent electric moments, 
the most probable molecular configura- 
tions were calculated for each of the 
esters. The predominating structure 
includes one cis-type configuration. It is 
evident that the molecules exist, for the 
most part, in a nonpolar form. 


Abstract No. 2 


A New Dielectric Liquid for Impreg- 
nating Fixed Paper Capacitors 


T. D. Callinan (present address: IBM, 
Poughkeepsie, N. Y.) and J. B. 
Romans, U.S. Naval Research Lab., 
Washington 25, D. C. 

Fixed capacitors, using kraft be r as 
the solid dielectric and bis (1H, 7H- 
dodecafluoroheptyl) 3-methy 
(PFE-774) as the impregnant have been 
found to possess capacitance to volume 
ratios higher than similar capacitors 
impregnated with pentachlorodiphenyl. 
Furthermore, change in capacitance with 
temperature is less than 4% within the 
range — 55° to 85°C. Such capacitors have 
passed military specification MIL-C-25A 
for accelerated aging by withstanding 
85°C and 130% rated voltage for 250 hr. 
Because the impregnant is unusually 
flame resistant, thermally stable, of low 
viscosity, and does not irritate the skin 
or cause rubber and plastics to swell and 
become tacky, this partially fluorinated 
ester is considered to be worthy of com- 
mercial development as a capacitor 
impregnant. It is believed results of this 


investigation open possibilities for pro- 
duction of new smaller capacitors par- 
ticularly adapted to low temperature 
operation. 
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Abstract No. 3 


Progress Report on the Development 
of Metal Fiber Paper 
H. F. Arledter, Hurlbut Paper Co., 
South Lee, Mass. 

The possibility of manufacturing 
metal fiber paper in a continuous web on 
a pilot plant Foudrinier paper machine 
of 9-in. width has been demonstrated. 
Paper made of blends of metal fibers with 
cellulose and inorganic or organic syn- 
thetic fibers, as well as 100% metal fiber 
paper, seems to be feasible. This paper 
outlines the mechanical properties of 
metal fiber paper and laminates and 
their possible uses. Further progress in 
the manufacture of metal fiber paper will 
depend on the availability of metal 
fibers in sufficient amounts and quality 
to make more extensive trials. 


Abstract No. 4 


Electric Strength of Perchioryl- 
fluoride (C10;F) Gas 
J. J. Chapman and L. J. Frisco, Dielec- 
trices Lab., The Johns Hopkins 
University, Baltimore 2, Md. 

A new gas (CIO;F) has been examined 
in uniform and heterogeneous fields. In 
the former case, 2-cm diameter spheres 
were used and, in the latter case, point- 
to-point breakdowns were observed. 
Observations were extended to mixtures 
of perchlorylfluoride with SF. and N. 
The contrasting behavior among the 
pure gases offered by the study of visual 
corona proved to be of particular interest 
in nonuniform fields. Perchlorylfluoride 
may be classified as a high dielectric 
strength gas since its performance ex- 
ceeds that of SF, under certain circum- 
stances. 


Abstract No. 5 
International Activities in the 
Evaluation of Electrical 
Insulation 
L. J. Berberich, Westinghouse Electric 
Corp., East Pittsburgh, Pa. 


The present AIEE and international 
temperature standards, except for sev- 
eral minor revisions, date back to 1912. 
At that time, insulating materials could 
conveniently be grouped into two cate- 
gories, viz., “‘organic’’ and “‘inorganic”’ 
or combinations of these. With the ad- 
vent of many new synthetic materials 
having thermal stabilities extendin 
over a wide range, it was recognize 
recently that present standards do not 
fill the needs of a dynamic electrical 
industry. Thus, with the U. 8. leading 
the way, a gradual change is taking place 
in the philosophy of insulation classifica- 
tion by definition to classification by 
test and performance. The paper reviews, 
in a broad way, how this is being ac- 
complished on an international basis. 


Abstract No. 6 
Chemical Rate Phenomena in the 
Deterioration of Electrical 
Insulation 
T. W. Dakin, Westinghouse Research 
Lab., East Pittsburgh, Pa. 


The basis is presented for a more ac- 
curate interpretation of results of phys- 
ical-type tests to measure the thermal 
aging of insulation together with a more 
accurate method of applying results of 
such tests to predicting insulation de- 
terioration in practice. Since observed 
physical changes during thermal agin 
are the result of internal chemica 
changes in organic material, it is shown 
that the theory of chemical reaction rates 
can be applied to analyze experimental 
data of aging. 


WASHINGTON PROGRAM 


Abstract No. 7 


Principles for Classification of 
Insulating Materials 


K. N. Mathes, General Electric Co., 
Schenectady, N. Y. 

Classification of insulating materials 
may be desirable in three important 
areas: thermal capability, mechanical 
suitability, and voltage utility. Up to 
the present, most attention has been 
paid to the area of the development of 
functional tests for determining the 
thermal capability of insulating mate- 
rials. But mechanical characteristics of 
insulating materials may be fully as im- 
portant as thermal properties, and the 
ability to withstand voltage is implied in 
the definition of insulation itself. In set- 
ting up functional tests, it is important 
to represent service conditions fairly. In 
the development of test samples, a 
‘ladder’? of tests must be considered. 
Selection of adequate test conditions 
and the choice of proper and significant 
end points is important, as are the use 
of statistics and avoidance of its overuse 
in the interpretation of data. The cost of 
tests and scope to be covered by material 
suppliers, fabricator, manufacturer, and 
user must be considered and balanced 
carefully. Proper use of functional tests 
in classifying insulating materials has 
tremendous implication in the simplifi- 
cation of design and the efficient use of 
materials. 


Abstract No. 8 
Thermal Evaluation of Electrical 
Insulating Materials 


J. F. Dexter, Dow Corning Corp., Mid- 
land, Mich. 

Revisions being made in AIEE Stand- 
ards will specify that the temperature 
classification of insulating materials 
should be based on thermal aging data 
obtained by functional testing. This 
radical departure from the traditional 
method of classification based on chemi- 
cal composition is necessary because of 
the rapid development of new synthetic 
materials. The thermal stability of many 
of these new materials cannot be estab- 
lished by the simple expedient of classi- 
fying them as organic and inorganic. 

This new philosophy requires the 
development of realistic test methods 
for determining the relative thermal 
stability of insulating materials. This 
paper reviews problems associated with 
the development of test procedures and 
the progress that is being made. 


Abstract No. 9 


Thermal Stability of Laminated 
Thermosetting Plastics 


W. B. Kouwenhoven and G. G. Knicker- 
bocker, The Johns Hopkins Univer- 
sity, Baltimore, Md. 

This paper presents data on mechan- 
ical pod electrical properties of thermo- 
setting plastics, including paper base, 
linen base, asbestos and glass base 
materials at elevated temperatures for 
periods varying from 1 to 1000 hr. In 
addition, the paper describes the devel- 
opment of a method of determining the 
dielectric st ~—— at elevated tempera- 
tures in a liquid medium. 


Abstract No. 10 
Statistical Methods Useful in 
Predicting Insulation Life 
W. E. Horton, Westinghouse Electric 
Corp., East Pittsburgh, Pa. 


Evaluation of insulation materials 
and/or systems either as samples or in 
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motors under extreme environmental 
conditions is necessary if experimental 
data on the insulation life are to be 
realized in a reasonable length of time. 
In ——. the regression technique is 
used to estimate the relationship be- 
tween insulation life and operating 
condition. The purpose of this paper is 
to illustrate how this technique and 
other statistical methods on used 
effectively in predicting insulation life. 


Abstract No. Il 
Application of Extreme Value 
Statistics on Breakdown 
Phenomena 


J. H. Davidson, General Electric Co., 
Schenectady, N. Y. 


Many engineers have expressed diffi- 
culty in analyzing life test data. For 
many reasons, the conditional failure 
density concept is to be preferred over 
all other methods of analyzing life 
characteristics. Conditional failure den- 
sity is the probability that an item (or a 
particular ‘‘chain link’’) will fail at a 
particular time, provided it has survived 
up to that time. Conditional failure 
density has proved most useful in the 
study of metal fatigue and its value is 
now being explored in the’ testing of 
dielectric materials. 

This new concept represents a ‘“break- 
through”’ in the study of failure phe- 
nomena. Very often, insight is given into 
the failure behavior of a particular 
product, such as early failures. Condi- 
tional failure density might even be used 
as a property characteristic of a particu- 
lar material. 


Abstract No. 12 
Derivation of Electronic Part-Failure 
Statistics from Material 
Properties 


J. A. Connor and D. I. Troxel, Radio 
Corp of America, Camden, N. J. 


There is a mounting need for suitable 
‘mortality’ statistics for component 
parts to be used in military electronic 
equipment, Materials investigation 
studies are potential ‘‘gold mines’ of 
correlation data. The selection, analysis, 
and interpretation of this data must be 
based on certain compromise factors 
dictated by the ultimate statistical 
utility of the end result. That such 
efforts can be effective is shown by 
providing a number of specific examples. 


Abstract No. 13 


Corona and Its Effect on Insulation 
—A Résumé 


T. W. Liao, General Electric Co., Pitts- 
field, Mass. 


This paper attempts to review the 
subject of corona and its effect on insu- 
lation based on some of the pertinent 
published articles in this field. The 
content consists of the following sec- 
tions: what is corona? how does corona 
occur? corona inception, effect on insu- 
lation with regard to insulation life, 
insulation surface damage; corona in 
capacitors, cables, transformers, and 
other electrical equipment. The refer- 
ences cited in each of the articles give 
leads to many findings which broaden 
what is discussed briefly in this paper. 


Abstract No. 14 
Effects of High-Energy Gamma 
Radiation on Dielectric Solids 
P. H. Klein, General Electric Co., 
Syracuse, N. Y. 


The kinds and magnitudes of radia- 
tions present in the various locations 
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near nuclear reactors are discussed as 
well as the mechanisms of interaction 
of radiation with matter, viz., group 
fragmentation, molecular scission, and 
polymerization. Techniques and loca- 
tions for obtaining high dose rates are 
presented. Results of 60-cycle short-time 
voltage breakdown tests on polyethyl- 
ene, cellulose acetate, and polyvinyl 
chloride films along with Formex- 
varnished wire are given as a function of 
integrated dosage up to 10° roentgens. 
Extensive electrical tests on a mica- 
glass-silicone-resin insulation simulating 
that used in the Submarine Intermediate 
Reactor’s electromagnetic pump are 
described. Measurements of mechanical 
property changes of irradiated resins by 
means of a newly developed penetrom- 
eter are presented. 


Abstract No. 15 


Some Aspects of Missile Package 
Design 


J. P. Morone, P. R. Mallory & Co., Ine., 
Indianapolis, Ind. 

The Signal Corps Engineering Labs., 
Fort Monmouth, N. J., sponsored a 
program, recently completed, leading to 
the establishment of ‘Principles and 
Techniques of Integration and Packag- 
ing of Printed Circuit Assemblies for 
Missile Applications’? (Contract No. 
DA-36-039-se-64451). A number of prob- 
lems confronting the missile package 
designer were investigated. Among these 
were problems related to package inte- 
gration; mechanical, thermal, and cli- 
matic adequacy; miniaturization; and 
maintenance. The approaches investi- 
gated and conclusions reached constitute 
the basis for this paper. 


Abstract No. 16 


Production of Prefabricated 
Circuitry 


M. F. Patrick, Westinghouse Electric 
Corp., Baltimore, Md. 

A fundamental approach to the crea- 
tion of prefabricated circuitry is dis- 
cussed, covering drafting procedures for 
implementing a design from schematic 
to production stage. Also included is a 
review of some of the various parameters 
to be recognized by the designer, such as 
electrical characteristics, mechanical 
and environmental requirements, and 
fabrication techniques. 


Abstract No. 17 


Component Parts for Printed Wiring 
Assemblies 


H. C. Frankel and Wilbur Gross, Signal 
Corps Engineering Labs., Fort 
Monmouth, N. J. 

The design of component parts used 
with prefabricated circuits in military 
and commercial equipment should be 
guided by those requirements considered 
necessary to promote satisfactory serv- 
ice with regard to functional suitability, 
reliability, compatibility with machine 
handling, ete., during production, trans- 
portation, storage and/or operation. 
Following a summation of these require- 
ments, types available at present of 


printed and _ separately fabricated 
(conventional) components, including 
resistive, reactive, electrochemical, 


thermionic, and other parts, will be 
exhibited and their capabilities and 
limitations will be discussed. Current 
and proposed developments which are 
expected to overcome ihese limitations 


will be described. 
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Abstract No. 18 
Application of Prefabricated 
Circuitry to Airborne 
Electronics Equipment 


G. B. Way and N. R. Dunbar, North 
American Aviation, Inc., Downey, 
Calif 

Mechanization of airborne electronic 
equipment is illustrated, using stand- 
ardized, functional circuit elements. 

These transistorized circuit elements 

perform the necessary basic information 

transfer and modification required in an 

airborne analog flight control system. A 

design technique and packaging method 

is discussed wherein equipment usin 

etched circuits, etched cabling, an 

automatic machine assembly can be 
produced with a minimum of design and 
engineering effort. Utilization of proper 
materials and processes enables the use 
of double-sided circuits and plated eye- 
lets. The techniques provided a high 
circuit and component density per unit 
areas of etched circuit panels. 


Abstract No. 19 
Use of Shape as a Design Tool 


R. K. Jenny, Westinghouse Electric 
Corp., Baltimore, Md. 

Normally used methods for reduction 
of vibration amplification of phenolic 
boards at resonance have concomitant 
disadvantages. Some of these methods 
and their inherent disadvantages are: 
(a) backing the board with a damping 
media (sponge rubber, etc.) which intro- 
duces humidity and cooling problems; 
(b) stiffening structure or cutting size of 
boards which increases weight and 
uncertainty; (c) energy absorption 
device (dynamic absorber, ete.) which 
increases weight and causes self-excited 
vibration. 

There are usable methods which have 
no inherent disadvantages. The one 
described in this paper is use of non- 
rectangular shapes. 


Abstract No. 20 
Quality Improvement in the 
Manufacture of Printed 
Wiring 


E. J. Lorenz, International Business 
Corp., Poughkeepsie, 
This paper outlines procedures and 
processes which have been found to im- 
prove the over-all quality of printed 
wiring cards or boards. Items to be 
covered include design and artwork, 
with their influence on the finished 
product, materials used for the finished 
product, methods and processes em- 
ployed during the manufacturing cycle, 
and tests which are used to determine 
the quality of the finished product. The 
design in general is not discussed since 
the proper choice of materials and proc- 
essing steps is felt to be the governing 
factor. 


Abstract No. 21 


An Approach for Meeting Future 
Needs of Electronic Components 


A. A. Lawson, Melpar Inc., Alexandria, 
Va. 

The purpose of this paper is to stimu- 
late an interest in the future needs of 
electronic components. Construction 
and production techniques are consid- 
ered, as are materials, smaller compo- 
nents, and the setting up of a program of 
standardization. Various factors which 
concern the “component user,’’ the 
“component assemblers,’’ and the ‘‘com- 
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ponent manufacturer’”’ are discussed. 
conclusion, an approach to setting 
pertinent factors for advance planning, 
presented. 


ELECTRONICS— 
LUMINESCENCE 


Abstract No. 
Electroluminescent and Field Effec 
in Phosphors 


H. F. Ivey, Research Lab., Lamp Diy, 
Westinghouse Electric Corp, 
Bloomfield, N. J. 


(No abstract received) 


Abstract No. 3 
Effect of Electron Traps on the 
Brightness Waveform of 
Electroluminescent 
ZnS:Cu 


F. F. Morehead, Jr., Lamp Development 
Dept., Lamp Div., General Electric 
Co., Nela Park, Cleveland 12, Ohio 

Experiments performed on ZnS:Cy 

electroluminescent powders embedded 
in a slightly conducting medium suggest 
that a field applied in one direction 
ionizes electrons from emission centers, 
displacing them to another part of the 
crystallite. Removal of the field permits 
only a small fraction of the displaced 
electrons to recombine (with light emis- 
sion). Application of a field in the 
opposite direction accelerates the release 
of the displaced electrons from traps and 
their subsequent recombination. If the 
opposite field rises linearly with time 
(sawtooth), the resulting light emission 
rises to a maximum at a particular 
voltage and then falls as the supply of 
trapped electrons is exhausted. Vari- 
ations of the voltage of the maximum 
with temperature and frequency gives 
values of trap depth and extension in 
space in good agreement with general 
oer if the traps are assumed to be 
coulombic rather than square wells. 


Abstract No. 4 
Field Enhancement of X-Ray Excited 


Luminescence in 
ZnS.CdS:Mn(Au) 


Georges Destriau, Faculté des Sciences, 
Université de Paris, Paris, France; 
consultant, Lamp Div., Westing- 
house Electric Corp., Bloomfield, 
N. J. 

Electric fields enhance the x-ray 
excited luminescence of ZnS.CdS:Mn. 
It has been found that gold additions 
generally improve the enhancement 
ratio of such materials (the enhancement 
ratio is the ratio of the permanent bright- 
ness obtained with the field acting to 
that with the field removed). This action 
of gold depends on the firing tempera- 
ture. Composition and firing temperature 
have been varied in order to obtain the 
maximum x-ray excited output with 
field acting. 


Abstract No. 3 

Characteristics of Electrolumines- 
cence at Audio Frequencies 

R. M. Rulon and F. Koury, Sylvania 

Electric Products Inc., Salem, Mass. 

Measurements have been made on 

electroluminescent lamps, in which the 

phosphor is imbedded in a ceramic 


dielectric, for voltages up to 1500 and 
for frequencies between 60 cycles and 10 
ke/sec. The effect of various parameters 
on brightness, current, and wattage 1s 
reported. 
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Abstract No. 26 
Electrocathodoluminescence 


p. M. Jaffe, Research Dept., Westing- 
house Electric Corp., Bloomfield, 
N. J. 

The application of alternating electric 
fields to certain cathode ray excited 
InCdS:Mn phosphors causes the cath- 
odoluminescence to be enhanced. Total 
light output (field plus cathode rays) 
exceeds the sum of the electrolumines- 
cence and the cathodoluminescence. 
Enhancement is a function of the 
strength and frequency of the applied 
feld, the beam current density, and 
accelerating potential. There are indica- 
tions that the cell thickness plays an 
important role in determining whether 
quenching is also present. 


Abstract No. 27 
AC Conductivity Measurements on 
CdS Crystals under Various 
Types of Illumination 


§. Jaffe, H. Kallmann, B. Kramer, and 
G. M. Spruch, Physies Dept., New 
York University, Washington Square 
New York, N. Y. 

Under strong illumination CdS crys- 
tals exhibit huge changes in capacitance 
and dissipation factor under various 
conditions of exciting radiation. They 
have been measured with impedance 
bridges and frequencies up to 100 ke 
under equilibrium and nonequilibrium 
conditions (rise and decay of photocon- 
ductivity). Two types of electrode 
arrangements were used in order to 
eliminate barrier layer effects: (a) 
transparent gold electrodes evaporated 
directly on the crystals, and (b) Mylar 
sheets (transparent, Al on one side) on 
each side of the crystal. 

With gold electrodes, two classes of 
crystals are found. One group shows 
very little change in equivalent parallel 
capacitance as the conductivity in- 
creases, while the other shows a consid- 
erable capacitance increase with 
increasing conductivity. Using Mylar 
insulated crystals, as the exciting 
intensity is increased the measured 
capacitance increases monotonically, 
while the dissipation factor goes through 
a maximum. The equivalent parallel 
capacitance of the crystal itself can be 
caleulated and is found to increase with 
increasing intensity. 

The effect of additional infrared 
irradiation as well as the effect of the 
applied voltage is reported. 


Abstract No. 28 


Action of Temperature on the X-Ray 
Electroenhancement Effect 


J. Mattler, Faculté des Sciences, Uni- 
versité de Paris, Paris, France 

The sustained enhancement of lumi- 
nescence of certain sulfide phosphors 
irradiated with x-rays and simultane- 
ously submitted to alternating electric 
fields varies with temperature. For 
(Zn, Cd)S:Mn the enhancement factor 
increases regularly as the temperature 
increases from —155° to +120°C, slowly 
at low temperatures, strongly at high 
temperatures. Brightness waves ob- 
tained with pulsed x-rays and field 
enhancement show no modification with 
temperature. Temperature acts differ- 
ently on the electroluminescence of the 
same sulfides; this suggests a different 
action of the field in the two phenomena. 
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Abstract No. 29 
Thin Film Phosphors 


L. R. Koller, Research Lab., General 
Electric Co., Schenectady, N. Y. 

Thin transparent films of phosphors 
have been prepared by evaporation of 
commercial powder phosphors in vacuo. 
Luminescent Ag- and Cu-activated 
films were ieeiead by a two-step process 
involving heat treatment in gaseous 
atmospheres subsequent to deposition. 
Mn-activated films were formed by a 
single-stage process and did not require 
any treatment subsequent to deposition. 
The brightness of these films under 
cathode ray excitation is about 45 of 
that of the powder from which they are 
made. 


Abstract No. 30 
Diffusion of Excitation in CdS 


Crystals 
H. Kallmann, B. Kramer, and A. Oren- 
stein, Physics Dept., New York 
University, 


Washington Square, 
New York, N. Y. 

The large photoconductivity observed 
in CdS crystals is due to the motion of 
free electrons. If a long crystal with 
electrodes at one end is illuminated on a 
small area remote from the electrodes, 
strong photoconductivity is obtained 
even if the illuminated area is 1 em away 
from the electrodes. Rise time at this 
distance, dependence of conductivity 
on distance, and wave length indicate 
that this conductivity comes about 
through a diffusion of excitation energy 
from the illuminated area rather than by 
reflected, scattered, or fluorescent radi- 
ation. 

If infrared is added in the previous 
experiment on a small area, quenching is 
observed. The amount of quenching is 
almost independent of the position of 
the infrared illuminated area whether 
it is between the visible light and the 
electrodes or on the side away from the 
electrodes. 


Abstract No. 31 


Variations of the Fermi Level in ZnS 
Phosphors Contaminated with 
Iron Family Impurities 


N. Arpiarian, Laboratoire de Lumi- 
nescence de la Faculté des Sciences 
de Paris, Paris, France 

Iron family impurities are generally 

considered as killers. However, in some 
conditions of concentration and tem- 
perature they can have an intensifier 
effect. This effect is described in ZnS(A, 
K), where A = Cu or Au, K = Fe, Ni, 
Co, and explained by introducing a 
variable Fermi Level in the forbidden 
band. The Fermi Level! shows itself 
particularly in the ZnS(Au, Co) phos- 
phors. It rises with decreasing tempera- 
ture in any case, and with increasing Co 
concentration. 


Abstract No. 32 


Investigations in CuGaS.-ZnS and 
AgGaS.-ZnS Systems 


E. F. Apple, Research Lab., General 
Electric Co., Schenectady, N. Y. 

CuGaS, and AgGaS, have structures 
closely related to zine-blende. CuGaS, 
and ZnS form a series of solid solutions 
over the entire range. Emission under 
3650 A excitation shifts from green to 
red with increase in CuGaS, concentra- 
tion. Samples with more than 20 mole 
% CuGaS, do not emit at room tempera- 
ture, whereas at —195°C, fairly bright 
luminescence is observed. AgGaS, is 
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soluble in ZnS to about 5-10 mole %, 
above which separation of AgS is ob- 
served. Emission under 3650 A excitation 
shifts from the blue (0.01% AgGaS:) to 
yellow (10% AgGaS:). 


Abstract No. 33 


Energy Storage and Decay in 
Various Phosphors 


H. Kallmann and E. Sucov, Physics 
Dept., New York University, Wash- 
ington Square, New York, N. Y. 

The rise curve method of Kallmann 

and Spruch has been applied to the 
determination of lifetime distribution of 
trapped electrons in various phosphors. 
Comparison of rise curve deficiency 
areas with areas under curves of decay 
of phosphorescence indicates that, for 
most phosphors, the recombination 
process is completely radiative. Com- 
parison with areas under stimulation 
curves indicates that even when the 
phosphorescence decay process is com- 
pletely radiative IR causes nonradiative 
transitions. A stimulable phosphor is 
distinguished from other phosphors not 
by the difference in the number of traps 
but by the fact that IR induces pre- 
dominantly radiative recombinations 
of trapped electrons, while in other 
phosphors IR induces nonradiative 
transitions. Since substances with prac- 
tically no phosphorescence or stimula- 
tion store large numbers of electrons for 
long periods of time, this lack of phos- 
phorescence and stimulation is not due 
to lack of traps but to the overwhelming 
effect of nonradiative transitions. 


Abstract No. 34 


Luminescence of ‘Self-Coactivated’ 
ZnS:Cu 


M. H. Aven and R. M. Potter, General 
Electric Co., Nela Park, Cleveland, 
Ohio 

ZnS:Cu has been prepared which 
shows only a simple orange emission 
band. The results of others who found 
blue or yellow emission bands are as- 
cribed to impurities. The effect of 
oxygenous impurities on ZnS:Cu was 
investigated. When ZnS:Cu 
quenched to room temperature from 
600°C or higher, an unstable green 
fluorescence was found in place of the 
normal orange. Also, ZnS:Cu fired under 
strongly reducing conditions was found 
to develop a stable green emission. 

Models for the orange and green centers 

are proposed which explain experimental 

results. 


Abstract No. 35 


Process of Light Stimulation in 
ZnS Phosphors 


H. Kallmann, W. Schneider, and M. 
Sidran, Physics Dept., New York 
University, Washington Square, 
New York, N. Y. 

Sucov has shown that stimulability 
is caused by the predominance of radi- 
ative over nonradiative recombinations 

roduced by infrared. Decay of stimu- 
ated light, while IR is applied, is very 
similar to that of phosphorescent decay 

and follows a C/(a + t)" law with n 

close to one during the first part of the 

decay; later n approaches two. Such a 

smooth decay is observed only with 

newly excited samples; if the material is 
partially exhausted either by natural 
decay or by preceding IR irradiation, 
the decay of stimulation shows first an 
increase, goes through a maximum, and 
only thereafter decays as above. The 
more the sample is exhausted the later 
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the maximum occurs; the stronger the 
IR, the earlier it appears. Newly excited 
samples, even if their excitation is weak, 
show no maximum. A theory is presented 
which explains these features. It is based 
on the existence of two activators, one 
with very high radiation recombination 
probability, the other with a much 
smaller one. Thermal interactions and 
those produced by IR between these 
activators explain the above described 
effects. 


Abstract No. 36 
Energy Transfer and Sensitization 
in Single-Crystal Phosphors 


R. Leach, wie of Physics, The Univer- 
sity, Hull, 


An packard study is made of the 
luminescence characteristics of single 
crystals of fluorite activated by Ce** and 
Mn** ions, with particular reference to 
energy transfer between the two acti- 
vators. Previous results of Ginther for 
such phosphors in powder form are con- 
firmed, but new evidence on transfer 
processes is provided by quantitative 


measurements of absorption bands, 
yielding oscillator strengths, and of 
fluorescence life times. In addition, 


experiments are made on diffusion of 
activators into fluorite at relatively low 
temperatures, approximately 600°C. 
Results indicate association of activators 
rather than random dispersal as previ- 
ously assumed. 


Abstract No. 37 
Some Aspects of Quenching of 
Fluorescence in Organic 
Liquids 


M. Furst and H. Kallmann, Physics 
Dept., New York University, Wash- 
ington Square, New York, N. Y 

The additivity of different solutes in 
producing self-quenching, and the ability 

of a solvent to transfer energy to a 

solute in fluorescent solutions are inves- 

tigated. Solutes with different chemical 
structures but similar fluorescence 
efficiency and wave lengths of absorption 
and emission are found to behave inde- 
pendently in the solution so that no 
combined self-quenching occurs under 
high energy excitation. Mixtures of 
solutes with related chemical structures 
are also investigated. Experiments on 
characteristics of solvents which transfer 
energy efficiently or poorly are described. 

They show that higher levels of excita- 

tion are more easily quenched in solvents 

which transfer poorly. 


Abstract No. 38 


Infrared Photography with the Help 
of Various Inorganic 


Phosphors 
H. Kallmann and J. Rennert, Physics 
Dept., Institute of Mathematical 


Sciences, New York University, 
Washington Square, New York, N.Y. 
Inorganic phosphors are capable of 
storing excitation energy or electrons. 
These stored electrons can be released 
or made to recombine by IR irradiation. 
a previously excited phosphor is 
illuminated with u.v., its fluorescence 
at the beginning is larger than that of 
the not pre-excited phosphor. To make 
IR pictures, the phosphor is pre-excited, 
then illuminated with the IR radiation 
to be depicted. The areas struck by IR 
radiation have less trapped electrons 
than the other areas. These areas can be 
made visible or permanently recorded 
by irradiating the sample after IR ex- 
posure with u.v. or with IR radiation 
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(if it produces radiative recombinations). 
In this way it was possible to make IR 
ictures with IR radiation of 2.5 uw. 
re-irradiation can precede, and the 
radiation which makes the picture visible 
can follow the IR exposure by weeks. 


Abstract No. 39 
Time Constants of Alpha- and 
Electron-Produced Light 
Flashes 


. Brucker, Signal Corps, Camp Evans, 
N. J., and H. Kallmann, Physies 
Dept., New York University, Wash- 
ington Square, New York, N. Y. 
So-called time constants of various 
organic and inorganic materials are 
Eee, They range from 3 to 100 X 
10° There is some correlation be- 
of absorption for the 
organic materials and time-constants. 
The latter are the same for a and electron 
excitation. No indication of long time 
emission was observed; if such emission 
exists, it must be of small amplitude. 
The ratio of efficiencies for a and electron 
excitation is approximately the same for 
all investigated material in spite of the 
fact that they differ in time-constants 
and efficiencies tremendously. These 
findings indicate that quenching due 
to high density of excitation is a very 
fast process, faster than the shortest 
light emission process. A theory which 
explains these effects is presented; it is 
based on the migration of the excitation 
energy out of the excitation channel. 


Abstract No. 40 


Resolution of Thermoluminescence 
Curves 


C. H. Haake, Research Dept., Westing- 
house Electric Corp., Bloomfield, 
N. J. 

The resolution of thermoluminescence 
curves is discussed analytically. With a 
given difference of trap depths, the only 
variable which may be used to change 
the resolution is the heating rate. The 
mathematical expression for the resolu- 
tion with increasing heating rate shows 
two competing processes: (a) increasing 
separation of two neighboring glow 
peaks, and (6) increasing halfwidth of 
the peaks. The latter predominates in 
all cases and resolution can be enhanced 
only by decreasing heating rates. 


Abstract No. 41 
Energy Curves 
for Phosp 


K. H. Butler, Sylvania Electric Products 
Inc., Salem, Mass. 

A method of calculating potential 
energy curves of activator ions in phos- 
phors from the emission and excitation 
spectra is described. Calculated curves 
for some alkali halide phosphors and for 
some orthophosphate phosphors are 
discussed. 


Abstract No. 42 
A Review of the Measurement of the 
Quantum Efficiency of Inorganic 
Phosphors 


J. Tregellas-Williams, Research Lab., 
General Electric Co., Ltd., Wembley, 
England 

Various methods of measuring the 
quantum ‘efficiency of phosphors have 
been used in the past; these include 
absolute light measurement, a substitu- 
tional method, derivation from lam 
efficiencies, and a calorimetric method. 

These are described and the results dis- 
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cussed and compared with those derive 
from original work on the lamp efficiency 
method and a modified microcalorimete, 
A summary of published and unpublishe 
values of quantum efficiency is appended 


Abstract No. 
Temperature Characteristics of 
Phosphors for Use in High 
Pressure Mercury Vapor 
Lamps 


A. H. MeKeag, Research Labs. 
vw Co., Ltd., Wembley, Eng- 
anc 


This paper gives details of the prepa 
ration of improved barium strontium 
lithium silicate phosphors for use in high 

ressure mercury vapor (H.P.M.V) 
amps and shows that temperature char. 
acteristics of these phosphors are 
particularly sensitive to conditions of 

reparation. Color corrected 

amps made with these improved phos. 
phors show an appreciable 1 improvement 
in color rendering properties. Other 
phosphors for use in H.P.M.V. lamps 
are also considered. 


Abstract No. 4 


Temperature Dependence of 
Fluorescence 


R. W. Mooney, Sylvania Electric Prod- 
ucts Ine., Towanda Pa. 

Equipment for measuring the temper- 
ature dependence of fluorescence with 
excitation either by 2537 or 3600 A 
radiation is described. Results on 
various phosphors including zine-modi- 
fied orthophosphates are discussed. 


Abstract No. 4 


Gray Discoioration in Calcium 
Halophosphates 


W. L. Wanmaker and M. G. A. Tak, 
Philips Research Labs., N. V. Philips 
Gloeilampenfabrieken, Eindhoven, 
Netherlands 

Calcium halophosphates can assume 

a light gray color when refired at 500°- 
600°C both in air and in a reducing at- 
mosphere. The gray color due to oxida- 
tion is more pronounced in the presence 
of alkali, and occurs in practice during 
the baking process (removing of organi¢ 
binder) of fluorescent lamps. The gray 
color due to reduction is observed during 
the evacuation of the fluorescent lamp 
coated with calcium halophosphate. The 
influence of the presence of Na and Al 
on the discolorations found is discussed 
and a theory of the observed phenomena 
is given. 


Abstract No. 4 


Cerium-Activated Halophosphate 
Phosphors 


S. T. Henderson and P. W. Ranby, 
Thorn Electrical Industries Ltd., 
52-56 Lawrence Rd., Tottenham, N. 
15, England, and Great Cambridge 
Rd., Enfield, Middlesex, England, 
respectively 

This paper describes the characteris- 
ties of a new group of alkaline earth 
halophosphate phosphors activated by 

Ce and Mn, and contrasts their behavior 

with that of halophosphates containing 

other primary activators. In their 
preparation, these Ce-activated mate- 


rials show marked differences from other 
previously known halophosphates, but 
the luminescent properties are similar to 
those of the tin-activated system. The 
behavior and possible uses of these 
lamps are 


in fluorescent 


described. 
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Abstract No. 47 


Luminescence of Tin-Activated 
Strontiumorthophosphate 


H. Koelmans and A. P. M. Cox, Philips 
Research Labs., N. V._ Philips’ 
Gloeilampenfabrieken, Eindhoven, 
The Netherlands 

The introduction of Al, Zn, Mg, Ca, 
or Cd in Sr;(PO,)2 produces a new crystal 
hase which is probably isomorphous 
with BCa;(PO,)2. Activated with tin this 

Sr-orthophosphate gives a strong lumi- 

nescence with a maximum at about 6300 

under excitation with \2537 


Abstract No. 48 


Zinc Modified Orthophosphate 
Phosphors 


M. J. B. Thomas and K. H. Butler, 
Sylvania Electric Products Ine., 
Salem, Mass. 

The preparation, properties, and uses 
of tin-activated calcium and strontium 
orthophosphate phosphors, modified by 
replacement of a portion of the alkaline 
earth metal by zine, are described. The 
efiect of varving composition on emission 
and excitation spectra is discussed. 


Abstract No. 49 


Transition Probability Ratios in 
and KC!:In 


F. E. Williams, P. D. Johnson, and B. 
Segall, Research Lab., General Elec- 
tric Co., Schenectady, N. Y. 


Transition probability ratios for the 
een impurity absorption bands of 
KCl: and KCl:In were calculated 
including the effect of crystal interac- 
tions. The excited states are assumed to 
have the character of 'P,° and *P,° 
states of the sp configuration. In the 
formulation, the spin-orbit interaction is 
applied after the crystal interactions. 
Experimental transition energies for the 
erystal, rather than for the free ion, are 
used in the calculation. Satisfactory 
agreement with experiment is found. 


Abstract No. 50 
Shape of the F-Band in KCl 


J. J. Markham and J. D. Konitzer, 
Zenith Radio Corp., Chicago, Ill. 

In recent years detailed theories of the 
shape of optical absorption bands in 
solids have been developed. One has 
been unable to check these with experi- 
ments due to the lack of detailed data. 
The shape of the F-center in KCl at 
300°K, 195°K, 78°K, and 5°K has been 
measured and a comparison has been 
made. Results are presented. 


Abstract No. 51 


Interaction of Color Centers in the 
Alkali Halides 


W. D. Compton and John Lambe, U. 8S. 
Naval Research Lab., Washington, 
D. C. 

A study of the interaction among 
various color centers of the alkali halides 
has been made. The following experi- 
Mental observations have led the au- 
thors to postulate such an interaction: 
(a) If F-centers and M- or R,-centers 
were present in the crystal, excitation in 
the F-band gave emission that was 
tharacteristic of the M- or R,-centers 
but not of the F-center. (b) Excitation 
with polarized F-light gave polarized 
M- or R,-emission. (c) Irradiation with 
polarized F-light produced dichroism 
in the F, M, Ri, and R»-bands. (d) Ex- 
Citation in the Re-band of NaCl gave 
emission characteristic of the R,-center. 
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Abstract No. 52 
Luminescence of Color Centers 


John Lambe and W. D. Compton, U. 8. 
Research Lab., Washington, 


A study has been made of the lumines- 
cent properties of F-, M-, and R-centers 
in alkali halide crystals. Special em- 
phasis was placed on the symmetry 
properties of these centers. In order to 
investigate this, the luminescent center 
is excited with polarized light and the 
resulting emission is analyzed for polar- 
ization. These measurements can then be 
used to determine some of the symmetry 
a ies of the luminescent center. 

esults thus obtained were in good 
agreement with current theory for the 
F-center and M-center. In the case of 
R-centers results were more complex and 
a simple analysis was not applicable. 


Abstract No. 53 


Experiments on Color Center 
Production in KI:T1 


H. N. Hersh, Zenith Radio Corp., 
Chicago, ll 

KI:TI has been subjected to x-irradi- 
ation on electrolysis and rendered non- 
stoichiometric with excess K; absorption 
spectra have been measured. Measure- 
ments show that the addition of TII 
to KI decreases the stability of the 
F-centers and results in more or less 

rmanent coloration of the crystals. 
X-irradiation destroys the u.v. lumi- 
nescence properties of the phosphor. 


Abstract No. 54 
Color Centers in Cadmium Fluoride 


M. Rubenstein and E. Banks, Dept. of 
Chemistry, Polytechnic Institute of 
Brooklyn, Brooklyn 1, N. Y. 

Single crystals of CdF2, purified, and 
containing additions of Nak CaF;, and 
equimolar mixtures of NaF and CeFs, 
were grown from the melt in carbon 
crucibles in a helium atmosphere. Trans- 
mission spectra were obtained before and 
after x-irradiation on slices about 1.5 
mm thick, at 28°C, —78°C, and —190°C. 
Crystals containing 0.05-5 mole % NaF 
showed a radiation-induced absorption 
near the fundamental absorption edge, 
which is stable at room temperature, and 
an absorption stable at —190°C, which 
disappears between —190°C and —78°C. 
CdF:, pure, or containing CeF; or NaF 
+ CeF; in solid solution, all show only 
one absorption band, unstable above 
—10°C. 


ELECTRONICS—SEMI- 
CONDUCTORS 


Abstract No. 55 
Compound Semiconductors 


D. A. Jenny, RCA Labs., Princeton, 
N. J. 

A review of the development and the 
present status of compound semicon- 
ductor research is presented followed by 
an outline of the practical implications. 
The study of compound semiconductors 
has contributed much to the basic under- 
standing of semiconductors although 
many phenomena are still awaiting 
interpretation. New application areas 
are being gn up by the unusual 
properties of some recently discovered 
compounds, and at least one of the new 
compound materials is a potential com- 
petitor of Ge and Si. 
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Abstract No. 56 
New Semiconductors 


J. H. Wernick and K. E. Benson, Beli 
Telephone Labs., Murray Hill, N. J. 


(No abstract received) 


Abstract No. 57 
Carrier Transport Phenomena in 
Germanium Bicrystals 


H. F. Mataré and B. Reed, Research 
Lab., Tung-Sol Electric, Inc., 200 
Bloomfield Ave., Bloomfield, N. J. 

Medium angle grain boundaries (tilt 
angle between 5° and 25°) were grown 
from bicrystal seeds to study electrical 
properties of such interfaces. It is as- 
sumed that impurity diffusion or segre- 
gation at the interface is less important 
for these angles of misfit than the dan- 
gling bonds. Differential resistivity and 

lifetime of minority carriers show a 

strong influence of the sheet arrange- 

ment of dangling bonds with their 
energy level near the middle of the band 
gap. 


Abstract No. 58 
Photosensitivity of Ge Grain 
Boundaries 


O. Weinreich and H. F. Mataré, Research 
Labs., Tung-Sol Electric, Inc., 200 
Bloomfield Ave., Bloomfield, N. J. 


Grain boundaries in Ge form a P-type 
region. One means of investigating 
potential jumps set up in grain bound- 
aries consists of measuring the photo- 
voltaic effect. If a light beam approaches 
the grain boundary, an increasing photo- 
voltage is measured which then decreases 
and drops to zero when the position of 
the beam is approximately symmetric 
across the boundary. After crossing the 
boundary, the polarity of the emf is 
reversed. Results of the spectral response 
and temperature dependence are re- 
ported and will be discussed. 


Abstract No. 59 
Growth and Definition of Bicrystals 


R. Wegener and H. F. Mataré, Research 
Lab., Tung-Sol Electric, Inc., 200 
Bloomfield Ave., Bloomfield, N. J. 

The investigation of electrical proper- 
ties of grown boundaries gave impetus 
to the growth of the bicrystals to be 
discussed. The possible definition of 
bicrystals in terms of the lattice direc- 
tions of one member and with respect to 
the grain boundary is discussed. For 
symmetrical configurations, the limiting 
range of unique combinations is given. 

Methods for seed orientation and prepa- 

ration are described. Variations neces- 

sary in procedure to achieve desired 
precision limits of bicrystals are dis- 
cussed. 


Abstract No. 59A 
Dissociation Pressure and Cohesive 
Energy of Indium-Phosphide 


K. Weiser, RCA Labs., Princeton, N. J. 
(No abstract received) 


Abstract No. 60 


Impurity Diffusion in Germanium 
and Silicon 


M. Tanenbaum, Bel! Telephone Labs., 
Inc., Murray Hill, N. J. 

Studies of the diffusion coefficients of 
Group ILI and Group V impurities have 
shown that, for a wide range of concen- 
trations of semiconductor interest, 
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diffusion coefficients of impurities are 
‘independent of concentration and have 
well-defined activation energies. Recent 
studies of these diffusion coefficients as 
a function of temperature are discussed 
and values obtained by various investi- 
gators are presented. Diffusion mecha- 
nisms are also discussed. Solutions of the 
diffusion equation for some of the bound- 
ary conditions of interest are to be 
presented. Selected device applications 
are discussed to demonstrate how the 
impurity distribution peculiar to diffu- 
sion processes affects device parameters. 


Abstract No. 61 


Effects of Heat Treatment on Silicon 
Diffusion-Created Devices 


C. Levi and I. Weiman, Pacific Semi- 
conductors Inc., 10451 W. Jefferson 
Blvd., Culver City, Calif. 

This paper discusses the dependency of 
diffusion device characteristics on bulk 
lifetime with particular emphasis on 
lifetime changes occurring during the 
diffusion process heat treatment. Results 
of experimental work are correlated with 
theory. Diode parameters such as re- 
covery time and forward currents are 
found to follow predicted relationships. 
Reverse saturation currents appear to be 
dependent on changes other than life- 
time. 


Abstract No. 62 


Oxygen as Impurity in Transistor 
Grade Silicon 


W. Kaiser and P. H. Keck (Present 
address: Sylvania Electric Products 
Ine., Bayside, N. Y.), Signal Corps 
Engineering Labs., Fort anne. 
N. J. 

The oxygen content of pulled Si erys- 
tals is correlated with the infrared 
absorption band at 9 u. Diffusion of 
oxygen out of and into a liquid zone of 
Si was studied under a variety of experi- 
mental conditions. In vacuum, in a 
hydrogen or in an inert gas atmosphere, 
oxygen leaves the melt rapidly while an 
increased 9 » absorption is found after 
the melt was kept in contact with an 
oxygen atmosphere or a SiO: surface for 
a short time. 


Abstract No. 63 


Ternary Distribution Coefficients in 
Silicon* 


David Navon, Transitron Electronic 
Corp., 168-182 Albion St., Wakefield, 
Mass. 


The doping effect of impurities intro- 
duced into Si by a carrier metal is of 
interest in producing alloy contacts. One 
can redefine the distribution coefficient 
to apply to these ternary systems. Values 
for this coefficient are presented for 
donor and acceptor impurities intro- 
duced into Si at different temperatures 
by a carrier metal. They are, in general, 
smaller than the normal coefficients for 
impurities such as Sb, As, and Ga. 


* This work was supported by the U. 8. Signal 
Corps under contract No. DA-36-039-se-72714. 


Abstract No. 64 
Evaporation and Alloying of Metals 
to Silicon 


J. M. Goldey, M. Tanenbaum, and N. 
Holonyak, Jr. (now on military 
leave with the U. 8S. Army Signal 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Corps), Bell Telephone Labs., Inc., 
Murray Hill, N. J. 


A general discussion on the several 
aspects of evaporating and alloying of 
contacts to Si is presented. The AI-Si 
system is described in some detail. Prepa- 
ration of materials and the degree of 
vacuum found satisfactory are men- 
tioned. A brief discussion of outgassing 
of the Si substrate, masking and heating 
of the substrate, and evaporation on 
substrates at different temperatures is 
given. Procedure of alloying evaporated 
materials for Si is described. 


Abstract No. 65 


Transistor-Grade Silicon, I. Prepa- 
ration of Ultrapure Silicon 
Tetraiodide 


Bernard Rubin, G. H. Moates, and J. R. 
Weiner, Radiochemistry Section, 
Components and Techniques Lab., 
Air Foree Cambridge Research 
Center, Air Research & Develop- 
ment Command, Bedford, Mass. 


A stepwise method of preparing and 
purifying Sil, has been found, involving 
the direct combination of the elements, 
recrystallization of the product, followed 
by sublimation and zone purification 
steps. Values of the segregation coeffi- 
cients of several impurity elements have 
been determined to concentrations of 
less than one part of impurity per billion 
pow of Sil, in 60 passes, using a 50 em 
ength charge. 


Abstract No. 66 


Transitor-Grade Silicon, II. Zone 
Purification of Silicon Tetraiodide 


G. H. Moates and Bernard Rubin, Radio- 
chemistry Section, Components & 
Techniques Lab., Air Force Cam- 
bridge Research Center, Air Re- 
search & Development Command, 
Bedford, Mass. 


Effective segregation coefficients of 
various impurities determined from a 
study of zone melting of Sil, are given. 
The apparatus and technique employed 
are discussed, and limiting equilibrium 
conditions are defined. The significance 
of the results is illustrated by calculation 
of ultimate distribution profiles. Effects 
on the effective coefficient of velocity of 
crystallization, diffusion coefficient, and 
convection are discussed. Yield of puri- 
fied Sil, is related to K.¢r, charge length, 
zone length, and initial concentration. 


Abstract No. 67 
Paper withdrawn 


Abstract No. 68 


Contribution to the Floating Zone 
Technique for Refining Silicon 


E. Buehler, Bell Telephone Labs., Inc., 
Murray Hill, N. J. 


A recycling automatic floating zone 
apparatus for Si has been assembled. 
Features of this equipment such as the 
mechanical drive, the control panel, and 
a self-stabilizing r.f. heating circuit are 
described. Single-crystal Si of 16,000 
ohm-cem and 1500 usec lifetime has been 


‘produced in the apparatus. Results on 


the evaluation of raw material, lifetime 
degradation produced by heating, and 
the effects of the process variables during 
refining are uvscribed. 
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Abstract No. @ 
Heat Treatment of Silicon Using 
Zone Heating Techniques 


H. C. Theuerer, J. M. Whelan, H.R 
Bridgers, and E. Buehler, Bell Tele. 
phone Labs., Ine., Murray Hil} 
N. J. 

New insight into the mechanism fo 
changes in Si with solid-state heat treat 
ment has been obtained with the aid oj 
the floating zone apparatus normally 
used to refine Si. Through the use of this 
technique, it has been established tha 
contaminants left on the Si surface evey 
after careful etching and washing pro- 
cedures are a controlling factor in the 
observed heat treating effects. 


Abstract No. 
Optical Measurement of Film 
Growth on Silicon and 
Germanium Surfaces in 
Room Air 


R. J. Archer, Bell Telephone Labs., Ine., 
Murray Hill, N. J. 

The rate of growth of films, presum- 
ably oxide films, on polished Si and Ge 
surfaces in room air following a HPF 
rinse was determined by measuring the 
ellipticity of reflected polarized light. 


Film thickness vs. log time plots are 


linear after about 10* sec with slopes of | 


6.8A/decade (Si) and 8.1A/deeade (Ge), 
Immediately after the HF rinse the films 
are 10-15A thick. After one day in air 
they are 25-30A thick. 


Abstract No. 
Bonding Material for Making 
Contacts to Etched P-Type 
Silicon 
D. R. Mason and J. C. Sarace (Present 
address: Dept. of Chemical and 


Metallurgical Engineering, Univer- | 


sity of Michigan, Ann Arbor, Mich.), 
Bell Telephone Labs., Inc., Murray 
Hill, N. J. 

Mo clad on one side with Al has been 
used to form structurally sound ohmic 
contacts to etched p-type Si wafers con- 
taining p-n junctions. The desired Al-Si 
solid solution can be formed before a 
substantial amount of Al reacts irrevers- 
ibly with the Mo. Coefficients of expan- 
sion are sufficiently well compensated so 
that the wafer does not crack during 
fabrication. Damaged wafers almost 
invariably result when structural see- 
tions of Al are used. 


Abstract No. 72 


Description of Electrochemical Jet 
Etching of Silicon 


Albert Mark, Signal Corps Engineering 
Lab., Fort Monmouth, N. J 
Electrolytic jet etching of Si is de 
scribed and factors effecting etching 
action are discussed. Geometry of cavity 
is approached from a fluid dynamie 
point of view. Cavities made with lam- 
inar flow and tubulent flow are shown to 
differ in terms of the velocity distribu- 
tion of stream at moment of impact with 
a Si wafer. Extremely flat bottom cavi- 
ties are made by employing the least 
distorted cross section of a flattened 
— liquid stream. A new versatile 
aboratory jet apparatus is shown. 


Abstract No. 73 


Mechanism of Electrolytic 
Rectification 


P. F. Schmidt, Research Div., Phileo 
Corp., Philadelphia 34, Pa. 

At voltages below forming voltage, 

the current in the anodic direction is 
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blocked by the space charge of electrons 
getting trapped in the oxide. At very 
high fields, avalanche breakdown occurs 
in localized spots. Essentially the same 
icture is true in the cathodic direction 
except that here protons penetrate into 
the oxide, neutralizing the negative 
space charge, and thus permitting con- 
tinuous current flow. “xperiments in 
electrolytes not containing protons 
support this view. 


ELECTRONICS—THERM- 
IONIC CATHODES 


Abstract No. 74 


Recent Work on Surface Properties 
of Oxide Semiconductors 


J. J. Lander, Bell Telephone Labs., 
Inc., Murray Hill, N. J. 


(No abstract received) 


Abstract No. 75 


Thermionic Emission Characteristics 
of Thoriated Rhenium* 


W. E. Nexsen, Jr., and G. B. Gaines, 
Battelle Memorial Institute, Colum- 
bus, Ohio 

Preliminary investigations show that 

thoriated rhenium behaves very simi- 
larly to thoriated tungsten as far as 
thermionic emission is concerned. Emis- 
sion from the two, when put through a 
similar processing and activation sched- 
ule, is of the same order of magnitude, 
that is, many orders of magnitude 
yeger than from the pure metal. Thori- 
ved rhenium activates at a lower 
temperature than thoriated tungsten, 
indicating a larger diffusion coefficient 
for thorium through rhenium than for 
thorium through tungsten. 


* Sponsored in part by The Air Force Cambridge 
Research Center. 


Abstract No. 76 
Thermionics and Evaporation 
Properties of Some Lantha- 
nide Oxides 


D. L. Schaefer, Power Tube Dept., 
General Electric Co., Schenectady, 

The following properties of lanthanum 
oxide, neodymium oxide, samarium 
oxide, and gadolinium oxide have been 
measured: (a) the thermionic work 
function and Richardson’s constant for 
the oxides on tantalum base metal; (6) 
evaporation rates of the oxides and the 
activation energies for evaporation; 
(c) the minimum thermionic work func- 
tion of the evaporant on a tungsten 
collector as well as the stable value 
which is reached when many times the 
minimum value has been collected. 

Measured properties for each of the 
oxides are very similar, lanthanum 
oxide showing the greatest difference. 
Thermionic work functions are in the 
range of 2.9-3.2 e.v.; Richardson con- 
stants fall between 30 and 55, and acti- 
vation energies for evaporation are 
between 6.8 and 7.4 e.v. 


Abstract No. 77 
Emission from Barium on 
Tantalum Carbide 


J. E. White, Electronics Lab., General 
Electric Co., Syracuse, N. Y. 
Refractory carbides have been used to 
alimited degree as emission-suppressing 
coatings on grids in power tubes. Sup- 
pression of emission occurs because the 
monolayer of emissive material, such as 
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Th or Ba, which ordinarily produces 
rid emission, dissolves into the carbide. 
he work to be described constitutes a 

systematic investigation of absorption 
and evaporation of Ba from one of the 
interesting carbides, and demonstrates 
that considerable thermionic densities 
can be obtained from TaC saturated 
with Ba. 


Abstract No. 78 
Preparation and Properties of the 
Magnesium Oxide Cold Cathode 


Dietrich Dobischek, Evans Signal Lab., 
Fort Monmouth, N. J. 


(No abstract received) 


Abstract No. 79 


Reactions of Oxide Cathodes with 
Gases at Low Pressures 


R. J. Ruka and E. A. Gulbransen, 
Research Labs., Westinghouse Elec- 
trie Corp., Pittsburgh, Pa. 

Recent experimental work by Wagener 
and others has shown quantitatively 
that a relation exists between low pres- 
sures of certain gases and the electron 
emission in oxide cathode systems. A 
thermochemical analysis is made for 
the reactions of O., CO, OH, 
and and compared with their 
reported action on the ‘‘poisoning’’ of 
“activation’”’ of oxide coated cathodes. 
The possible role of negative ions is 
discussed. 


Abstract No. 80 


The Electron Microscopy of Alkaline 
Earth Carbonates* 


C. F. Tufts, Research Labs., Sylvania 
Electric Products Ine., Bayside, 
An adaptation of the carbon replica 
technique has been developed which: 
(a) retains true specimen geometry by 
eliminating destructive dispersion 
manipulations during specimen prepara- 
tion; (b) reveals size, shape, and surface 
geography to less than 100A, permitting 
precise determination of both aggregate 
and single particle geometry; (c) fur- 
nishes a qualitative indication of the 
degree of crystal perfection for single 
articles; (d) serves as a monitor of 
interpretation for B.E.T. and Fisher 
Sub-Sieve size data. 


* Supported in part by U. 8. Navy Contract 
NO bs 8023. 


Abstract No. 81 


Relationship between Thermal 
Decomposition in Vacuum and 
Macrostructure of Alkaline 
Earth Carbonates* 


B. Wolk and J. G. Buck, Research Labs., 
Sylvania Electric Products Ine., 
Kew Gardens, N. Y 

The control of quality in electronic 

tubes processed by production equip- 
ment depends on numerous factors. 
Among these factors are those involving 
time and temperature conditions for 
effective conversion of the cathode 
coating from the carbonate to the emit- 
ting oxide. A technique is described for 
evaluating relative thermal decomposi- 
tion properties of different cathode 
carbonates under simulated tube proc- 
essing conditions. Various observations 
on the relationship between the macro- 
structure of cathode carbonates and the 
thermal decomposition behavior are 
described. 


* This work was supported by U. 8. Navy Con- 
tracts NOBs 5369 and NOBs 8023. 
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Abstract No. 82 


Study of the Interface Impedance 
Characteristics of Seven Commer- 
cial Cathode Nickel 
Alloys 


C. D. Richard, Jr., and A. M. Bounds, 
Superior Tube Co., Norristown, Pa. 


Measurements of interface impedance 
were made on 6BCS8 tubes at several 
points during a 2000-hr accelerated life 
test. A comparison is made between 
heats of varying Si content from seven 
different commercial cathode Ni alloys. 
An attempt is made to show the variation 
between heats and to rate the alloys with 
respect to interface impedance buildup. 
A preliminary conclusion is that the tube 
structure and processing history are at 
least as important in the development 
of interface impedance as the composi- 
tion of the cathode Ni alloy and its 
coating. 


Abstract No. 83 


Considerations of Oxide Cathode 
Interface Impedance 


A. P. Haase, R. E. Holmes, and F. J. 
Schmidt, General Electric Co., 
Owensboro, Ky. 


Interface-impedance effects have been 
observed under a number of operating 
conditions in a modern computer tube. 
A comparison of interface-impedance 
formation rates under these conditions is 
made and problems associated with the 
measurement of short time-constant 
interface impedances are discussed. 

Also reported are typical interface- 
impedance formation characteristics: of 
commonly used cathode alloys as meas- 
ured in a triode-testing vehicle under 
varied operating conditions. 


Abstract No. 84 


A Study of the Molded Nickel 
Cathode 


C. P. Hadley, W. G. Rudy, and A. J. 
Stoeckert, Tube Div., Radio Corp. 
of America, Lancaster, Pa. 


Research work on the molded nickel 
cathode is described. Results are given 
regarding the effects on emission and 
life of variations in nickel powder, 
alkaline-earth-carbonates, reducing 
agents, sintering, and activation. Data 
on pulsed emission are presented and 
results are compared with those of 
previous workers. 


Abstract No. 85 
New Developments in the L-Cathode 


C. A. M. van den Broek and A. Venema, 
Philips Research Labs., Eindhoven, 
Netherlands 


A disadvantage of the original L-cath- 
ode with a (Ba, Sr)CO, filling is the 
generation of CO, during processing, 
which causes oxidation of the porous W. 
Also, in some cases a need exists for a 
lower evaporation rate of the alkaline 
earth metals and oxides. 

With a filling of a pressed mixture of 
alkaline earth aluminates and a reducing 
agent (e.g., W) considerable improve- 
ment both in the gas production during 
processing and in the amount of evapo- 
rated material has been obtained. 
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ELECTRONICS—INSTRU - 
MENTATION 


Abstract No. 86 
Equipment for the Autographic 
Determination of the Electrical 
Resistance of Metals at 
High Temperatures 


G. A. Moore, National Bureau of Stand- 
ards, Washington, D.C. 

Recent extensions of metallurgical 
interests necessitate precise knowledge 
of numerous solid-state reactions not 
always conveniently observed by tradi- 
tional methods. The change of electrical 
resistivity with temperature is both an 
important fundamental property and a 
valuable tool for observing certain reac- 
tions within metals. 

The high sensitivity apparatus de- 
scribed autographically records the 
changing electrical resistances of a wide 
variety of metallic specimens while in 
vacuum or protective atmosphere and 
automatically carried through appro- 
priate temperature cycles. 


Abstract No. 87 


Methods of Measuring High 
Resistances* 


E. F. Turner, Jr., George Washington 
University, Washington, D.C. 

A discussion is presented on basic 
methods of measuring resistance, point- 
ing up the special problems encountered 
in the range of 10'-10" ohms. A con- 
tinuous measuring instrumentation is 
described, and compared with the 
Wheatstone Bridge. Data on the resis- 
tivities of several commercial plastics 
obtained by the two methods are given. 


* Work done at the Naval Research Laboratory, 
Washington, D. C. 


Abstract No. 88 


Calibration of Kinescope Test Sets 
for Color Balance and Light 
Output 


G. P. Kirkpatrick and A. E. Hardy, 
Tube Div., Radio Corp. of America, 
Lancaster, Pa. 

The routine calibration of color kine- 
scope test sets for color balance and light 
output is achieved by means of spectro- 
radiometrically calibrated kinescopes. 
The operation of these kinescopes is 
checked by means of a _ three-filter 
colorimeter. Details of the calibration 
techniques are discussed. 


Abstract No. 89 
Interferometric Calibration of 
Kinescope Aliminum Film 
Thickness Meters 


G. P. Kirkpatrick and T. A. Saulnier, 
Tube Div., Radio Corp. of America, 
Lancaster, Pa. 

The application of multiple-beam 
interferometry to the calibration of 
aluminum-film-thickness meters used to 
monitor aluminized kinescope screens is 
discussed. Comparison of interfero- 
metrically observed and _ calculated 
values of aluminum thicknesses indicates 
that the calculations are reliable in the 
range of 1300 to 5000 A.U., provided care 
is exercised in the preparation of the 
calibration plates. The interferometric 
check is far superior to that obtainable 
by quantitative chemical analysis. Em- 
pirical data and suggestions for fur- 
ther applications are included. 
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Abstract No. 9 
An Apparatus for Vacuum and 
Atmospheric Differential 
Thermal Analysis 


J. G. Rabatin and C. 8S. Card, Lamp 
Wire and Phosphors Dept., General 
Electric Co., Cleveland, Ohio 

Apparatus described is suitable for 
differential thermal analysis of sub- 
stances from full vacuum to 400 psi in 
gases such as N2, He, COs, SOx, 
H.S, and NH;. The atmospheric chamber 
housing the furnace is large enough to 
fire samples up to 100 g. The furnace 
will operate up to 1350°C. 

Performance characteristics and sen- 
sitivity of DTA apparatus are reported. 
Applications to analysis of various 
substances under various pressures and 
gases are described. 


Abstract No. 91 
Application of Lead Sulfide Detector 
to the Study of Luminescence in 
the Near Infrared Region 


J. M. Goldstein, W. M. MeNabb, and 
J. F. Hazel, Dept. of Chemistry, 
University of Pennsylvania, Phila- 
delphia, Pa. 

Conventional fluorometers and spec- 
trofluorometers utilize photomultiplier 
tubes for maximum sensitivity. In the 
present work an attempt was made to 
study luminescence to the near IR 
region, where photomultipliers have no 
response, by the utilization of lead 
sulfide detectors. 

In the present instrument the lumi- 
nescent radiation is chopped at 60 eps, 
amplified by a conventional amplifier, 
and the signal is phased by a special 
phasing device so that it can be fed to a 
conventional d-c recorder without the 
customary signal rectification. 


Abstract No. 92 


Effect of Current Drains on Cadmium 
Standard Cells 


G. D. Vincent, Standard Cell Dept., 
at Eppley Lab., Inc., Newport, 


Various sizes of commercial unsatu- 
rated cadmium standard cells were 
subjected to current drains of from 0.5 
to 12 wa (0.2-23 wa/em?). The terminal 
voltages of these cells were observed 
for several years. The relationship 
between change in voltage and time is 
not a linear one; an approximation of 
the decrease is 11 uv/coulomb of current 
passed per reciprocal centimeter squared 
of electrode area. 


ELECTRONICS—SCREEN 
APPLICATION 


Abstract No. 93 


Wet and Dry Strengths of Cathode 
Ray Screens 


R. W. Spencer, N. W. McCready, and 
Wm. Stericker, Philadelphia Quartz 
Co., Public Ledger Bldg., Phila- 
delphia 6, Pa. 

In the manufacture of cathode ray 
tubes the dry strength of the screen has 
become more important because of 
filming before aluminizing. A 
method has been developed for testing 
dry strength which is based on the same 
general principles as thosed used in 
determining wet strength. Strictly 
speaking, the new method tests rewet 
strength. It is more reproducible than 
air-stream methods. 

Wet and dry strengths vary independ- 
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ently of each other with different con. 
centrations of potassium silicate and 
reactants. 


Abstract No, 4 
Sedimentation Volumes of a Phos. 
phor Powder in Potassium 
Silicate and Potassium 
Silicate-Barium Acetate 
Settling Media 


J. F. Hazel and Louis Fiorito, Dept. of 
Chemistry, University of Pennsyl- 
vania, Philadelphia, Pa. 

A zine sulfide-zine cadmium sulfide 
phosphor was settled through aqueous 
solutions used in the preparation of 
cathode ray screens under conditions 
where the volume of the settled powder 
could be measured. The volume was 
decreased by low concentration of 
potassium silicate. The volume passed 
through a minimum and then increased 
as the concentration of silicate was 
increased. The presence of barium 
acetate in mixtures with potassium 
silicate increased the volume. A correla- 
tion exists between the sedimentation 
volume and zeta potential of the par- 
ticles. 


Abstract No. % 


Surface Phenomena Associated with 
the Application of Organic Films 
‘to Phosphor Screens 


R. W. Dudding, Research Labs., General 
Electric Co. Ltd., Wembley, Middle- 
sex, England 


The production of aluminized screens 
for cathode ray tubes involves the for- 
mation of a temporary organic barrier 
film on the phosphor coating upon which 
the Al may be deposited. Defects in this 
film produce undesirable blemishes on 
the finished screen. Certain inherent 
defects encountered when employing a 
“flow” filming technique are described 
and the fundamental factors governing 
their formation and prevention are 
considered. 


Abstract No. % 


Photodeposition of Luminescent 
Screens 


M. Sadowsky and D. Payne, Jr., Phileo 
Corp., Lansdale, Pa. 


A description of the processes em- 
ployed by the Phileo Corp. in photo- 
depositing a striped phosphor screen for 
color television is given. Some theories 
of chemical mechanisms involved in this 
deposition are presented. The relative 
importance of various parameters in the 
deposition is discussed. 


Abstract No. 97 


Phosphor Slurry Process for Color 
Kinescope Screening 


D. J. Donahue and T. A. Saulnier, Tube 
Div., Radio Corp. of America, 
Lancaster, Pa. 


In the preparation of the screen for a 
shadow-mask. color kinescope, phosphor 
= are dispersed in a photosensitive 

inder to form slurries. The phosphor 


slurries are then applied to tube assem- 
blies by means of a spinning technique. 
This paper outlines general methods of 
preparation of the photosensitive slur- 
ries, and discusses process steps from 
slurry application through exposure, 
development, and inspection. 


Vol. 16 
ELE 


An a 
levitati 
a num 
weighit 
is simi 
and Pa 
become 


Redt 
variet) 
tated ¢ 
are rol 
indexe: 
thin 
kinetic 
variab 
growtl 
menta 
found 
makes 
growtl 
growtl 


EB. A. 
We: 
Chi 
| Pa. 
| Kinet 
1050°C 
mechan 
oxidatic 
dizes in 
fit in we 
establis 
bolic 
increas! 
time. A 
cracks 
gested | 
| to a br 
oxide-n 

G.Com 
Bo 

| H. Wi 
La 
bu 
| 
H 
sit 
applic 
to th 
specin 
coate 
previc 
Pile \ 
zone | 
as al 
beeau 
into t! 
such { 
and t 
impur 


No. % 


| with 
iims 


eneral 
liddle- 


creens 
1e for- 
parrier 
which 
in this 
hes on 
herent 
ving a 
cribed 
erning 
n are 


No. % 
cent 


Phileo 


em- 
photo- 
pen for 
heories 
in this 
elative 
in the 


No. 97 
Color 


Tube 
nerica, 


n for a 
osphor 
nsitive 
osphor 
assem- 
nique. 
.ods of 
e slur- 
s from 


posure, 


Vol. 104, No. 3 


ELECTROTHERMICS AND 
METALLURGY 


Abstract No. 98 


Temperature Oxidation of High 
the Nickel between 750° and 
1050°C 


g. A. Gulbransen and K. F. Andrew, 
Westinghouse Research  Labs., 
Churchill Borough, Pittsburgh 35, 
Pa. 

Kinetic studies have been extended to 
1050°C to determine the conditions and 
mechanism of breakdown of the metal in 
oxidation. Below 900°C the metal oxi- 
dizes in the normal manner and rate data 
fit in well with rate “ewes already 
established. At 900°C and higher, para- 
bolic rate law plots of the data show 
increasing values of the constants with 
time. At 1000°C and higher, the oxide 
eracks away from the metal. It is sug- 
gested that nickel fails in oxidation due 
to a breakdown in the adhesion at the 
oxide-metal interface. 


Abstract No. 99 
Ten-Gram Levitation Melted Ingots 


G. Comenetz and J. W. Salatka, Westing- 
house Research Labs., Churchill 
Borough, Pittsburgh 35, Pa. 

An account is given of experience at 
levitation melting and casting ingots of 
a number of pure metals and alloys, 
weighing from 6 to 13 g. The apparatus 
is similar to that of Polonis, Butters, 
and Parr. The technique seems likely to 
become widely used. 


Abstract No. 100 


Growth of Whiskers by Reduction of 
Halogenides 


H. Wiedersich, Westinghouse Research 
Labs., Churchill Borough, Pitts- 
burgh 35, Pa. 

Reduction of halogenides results in a 
variety of growth forms of the paee 
tated crystals. The main forms observed 
are roughly equiaxed crystals with low 
indexed faces and ‘‘whiskers’’, i.e., long, 
thin crystals. Thermodynamic and 
kinetic considerations are applied to the 
variables which could influence the 
growth forms and checked with experi- 
mental results. Strong indications are 
found that an adsorption phenomenon 
makes certain crystallographic faces 
growth-inactive and causes whisker 
growth. 


Abstract No. 101 
Zone Melting of Uranium 


C. I. Whitman, V. Compton, and R. B. 
Holden, Atomic Energy Div., Syl- 
vania Electric Products Inc., Bay- 
side, N. 

A study was made of the possible 
application of the zone melting technique 
to the separation of U from fission 
products and other impurities. Bar 
comeing of U having various alloying 
elements were zone purified in thoria- 
coated alumina boats. Uranium bars 
previously irradiated in the Brookhaven 
pile were also zone melted. Although 
zone melting did not appear promising 
as a method of processing irradiated U 
because of slagging of fission products 
into the surface of the bar, this technique 

potential application to removing 
such fission products as Zr, Nb, and Ru, 
and to purifying ordinary U from such 
impurities as B, Fe, Si, Ni, and Co. 
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Abstract No. 102 


Molybdenum Plating Inside of Large 
Bore Tubes 


P. L. Raymond, National 
Corp., Cambridge, Mass. 
The high temperature reduction of 
molybdenum pentachloride by H was 
used to deposit high purity Mo plates 
inside of large bore tubes. A large num- 
ber of plating runs were conducted to 
develop the equipment and procedures 
and to determine the optimum operating 
condition. Strong adherent plates of 
Mo 0.004 in. thick were deposited inside 
of tubes utilizing equipment constructed 
from common engineering materials and 
components. 


Research 


Abstract No. 103 
Influence of Crystal Face on Some 
Electrochemical Properties of 
Single Crystals of Copper 


A. T. Gwathmey, Dept. of Chemistry, 
University of Virginia, Charlottes- 
ville, Va. 

Single crystals of Cu were etched in 
solutions of copper sulfate-H.SO, and it 
was found that etching characteristics 
of the different faces varied with the pH 
of the solution. Measurements were made 
of the electrochemical potentials of the 
different faces in solutions of copper sul- 
fate, and the effect on the potentials of 
annealing the crystals, of the nature of 
the gas dissolved in the solution, and of 
the pH of the solution was investigated. 


Abstract No. 104 

Structural and Chemical Factors 

Associated with the Fracture 
of Metals 


W. D. Robertson, Hammond Metallurg- 
ical Lab., Yale University, New 
Haven, Conn. 

Different crystal and intercrystalline 
imperfections are considered with re- 
spect to their role in fracture. The 
chemical activity of the metallic struc- 
ture in the vicinity of these imperfections 
is discussed with respect to its signifi- 
cance in initiating fracture at particular 
structural sites. 


Abstract No. 105 


Influence of Structural Factors on 
the Corrosion of Stainless Steel 


N. A. Nielsen and M. A. Streicher, 
Engineering Research Lab., Engi- 
neering Dept., E. I. du Pont de 
Nemours and Co., Inc., Wilmington, 
Del. 

As a group, stainless steels exhibit a 
wide variety of corrosion phenomena 
which are known to be structure-depend- 
ent. Passivity, intergranular ccrrosion, 
and pitting-corrosion behavior are dis- 
cussed in terms of such factors as alloy 
grain size and orientation, cold work, 
secondary-phase distribution, corrosive 
medium, ete., which affect the type, 
intensity, and localization of corrosion. 

hese effects are demonstrated by 
weight loss and corrosion-rate data as 
well as by micrographic studies of cor- 
roded stainless steel samples. 


Abstract No. 106 
Role of Metal and Oxide Structures 
in High Temperature Oxidation 
Processes 
C. E. Birchenall, Forrestal Research 
Center, Princeton University, 
Princeton, N. J. 


The course of high temperature oxi- 
dation reactions of metals and alloys 
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depends on the inherent properties of 
the metal phase and the oxide products 
and also on the relative values of some 
properties for two or more phases. Al- 
though the relative properties are most 
clearly associated with the early stages, 
especially nucleation, they play an 
important role in determining the sound- 
ness of the oxide layer and the metal- 
oxide interface in later stages of the 
reaction, 


Abstract No. 107 
Effect of Dislocations in Oxide Films 
on Oxidation 


N. Cabrera, Dept. of Physics, University 
of Virginia, Charlottesville, Va. 
(No abstract received) 


Abstract No. 108 
Interaction of Oxide and Metal 
Crystal Structures* 


J.T. Waber, Los Alamos Scientific Lab., 
University of California, Los Ala- 
mos, N. Mex. 

The general problem of the epitaxy of 
oriented overgrowths and, in particular, 
the relation of oxide films to their parent 
metals is reviewed. Wilman’s theory is 
used to explain the lack of an orientation 
relationship between UO, and U even 
though the UO, film has been demon- 
strated to be oriented with respect to the 
specimen surface. The scant evidence 
which suggests that the surface orienta- 
tion may depend on external conditions 
during oxidation is presented. 


* Work done under the auspices of the Atomic 
Energy Commission, 


Abstract No. 109 
The Element Columbium and Its 
Compounds 


J. R. Darnell and L. F. Yntema, Fan- 
steel Metallurgical Corp., 2200 Shel- 
don Rd., North Chicago, Ill. 

Columbium, a member of Group V of 

the Periodic Table, is a high meltin 
metal whose compounds are in genera 
nonbasic in character. It forms refrac- 
tory binary compounds with elements of 
Groups ITT, IV, and V. Its melting point 
and reactivity impose restrictions on 
methods of preparation. The metal is of 
particular interest as a high temperature 
material of construction because of its 
strength at high temperatures and its 
workability. 


Abstract No. 110 
Supplies of Columbium 
K. B. Higbie, Bureau of Mines, U. S. 


Dept. of the Interior, Washington 
25, D. C. 


(No abstract received) 


Abstract No. 
Some Sources and Production 
Statistics for Columbium 
H. P. Croft, Kennecott Sales Corp., 161 
E. 42 St., New York 17, N. Y. 
(No abstract received) 


Abstract No. 112 
Economic Aspects and Supply 
Situation for Columbium 
R. L. Carmichael, Battelle ‘Memorial 
Institute, Columbus 1, Ohio 
(No abstract received) 
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Abstract No. 113 
A Review of the Extractive 
Metallurgy of Niobium 


A. J. Kolk, and M. 
Steinberg, Horizons Inc., 2905 y 
79 St., Cleveland 4, Ohio 

Preparation of Nb metal has been 
attempted by a number of chemical and 
electrochemical routes. The chemical 
reduction of Nb compounds such as 
K:NbOF;, and NbCl, 
has been conducted with varying degrees 
of success. The electrochemical reduction 
of Nb from aqueous baths has been at- 
tempted, but no aqueous bath has been 
found to produce bulk deposits of metal. 
The electrolysis of molten baths con- 
taining K.NbOF; or K.NbF; has pro- 
duced Nb metal. 

The more promising methods of prepa- 
ration of Nb metal at the present time 
include the reaction of Nb.O; and NbC 
or C, hydrogen reduction of NbCl;, and 
electroly sis of K2NbF;-NaCl mixtures. 


M. E. Sibert, 


Abstract No. 114 
Informal Comments on the ONR 
Program of Basic Research on 
Columbium 


N. E. Promisel, Materials Branch, 
Bureau of Aeronautics, Navy Dept., 
Washington 25, D. C 


(No abstract received) 
Abstract No. 115 
Separation of Ta and Nb 


May, Bureau of 
of the Interior, 


J. L. Tews and 8. L. 
Mines, U. 8. Dept. 
Albany, Ore. 


(No abstract received) 


Abstract No. 116 
Preparation and Properties of High 
Purity Tantalum and Columbium 


R. C. Bourke, J. M. Blocher, Jr., 
I. E. Campbell, Battelle Memorial 
Institute, Columbus 1, Ohio 


(No abstract received) 


and 


Abstract No. 117 
Preparation of High Purity, Ductile 
Niobium Metal by Fusion 
Electrolysis 


A. J. Kolk, M. E. Sibert, and M. A. 
Steinberg, Horizons Inc., 2905 E. 
79 St., Cleveland 4, Ohio 
Electrolysis of molten solutions of 
K.NbF; in NaCl and in NaCl-KCl mix- 
tures has been conducted on a laboratory 
scale. The investigation has been con- 
ducted in a range of compositions of 
10-40 w/o K;NbF;. The temperature 
range which was investigated in the 
ease of K.NbF;-NaCl mixtures was 
785°-840°C. Electrolysis of solutions of 
in NaCl-KCl mixtures was con- 
ducted in the range of 675°-740°C. High 
purity, ductile niobium metal was pre- 
pared by the electrolytic procedure 
throughout a wide range of operating 
conditions. 


Abstract No. 118 
Analysis of Certain Metallic 
Impurities in Niobium 


J. F. Reed and A. H. Wolfe, Research 
Labs., Westinghouse E lectrie C orp., 
Beulah Rd., Churchill Borough, 
Pittsburgh 35, Pa. 

Procedure, accuracy, and precision of 
methods for the determination of certain 
metallic impurities in niobium are dis- 
cussed. 
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Abstract No. 119 


Analysis of Oxygen and Nitrogen in 
Niobium 


W. Harris, Research Labs., Westing- 
house Electric Corp., Beulah Rd., 
Churchill Borough, Pittsburgh 35, 
Pa. 


Procedure, accuracy, and precision of 
methods for the determination of oxygen 
and N in Nb are discussed. 


Abstract No. 120 


Hydrogen and Niobium—Reaction 
and Diffusion Kinetics 


M. W. Mallett and W. M. Albrecht, 
Battelle Memorial Institute, Colum- 
bus 1, Ohio 

The reaction of H with Nb has been 

studied at 200°-700°C principally at 1 

atm pressure. The pressure dependency 

of the reaction was investigated. Diffu- 
sion and solubility data were also ob- 
tained in the same temperature range. 

A reaction mechanism is proposed. 


Abstract No. 121 
Tensile Properties of Niobium on the 
Basis of Purity and Prior Stress 
History 


F. J. Anders, Jr., and W. I. Pollock, 
Pigments Dept., E. I. du Pont de 
Nemours & Co., Newport, Del. 

Tensile tests on samples of pure Nb 
have been conducted at room temper- 
ature. Rolling textures for Nb sheet 
have also been investigated. A behavior 
similar to a-iron in both tensile tests and 
rolling texture is observed. The effect 
of impurities is demonstrated to some 
extent. 


Abstract No. 122 
Ductile-to-Brittle Transition in 
Niobium 


E. T. Wessel and D. D. Lawthers, Re- 
search Labs., Westinghouse Electric 
Corp., Beulah Rd., Churchill Bor- 
pce Pittsburgh 35, Pa. 

Flow and fracture characteristics of 
commercially pure Nb are determined 
for the case of simple tension. The influ- 
ence of such variables as temperature, 
strain rate, chemistry, and microstruc- 
ture on the transition behavior are de- 
scribed. 


Abstract No 123 
Effect of Rare Earth Additions on the 
Ductility of Arc-Melted Group 
V-A Metals 


J. W. Semmel, Jr., ner and 
Ceramics Research Dept., General 
Co., The Knolls Schenec- 
tady 


Semipure metals of Group V-A V, Nb, 
and Ta were are melted with rare earth 
additions, producing relatively soft 
buttons which were cold rolled success- 
fully. Under similar conditions, but 
without the rare earth addition, these 
metals were harder and could not be cold 
rolled. A hot forged and cold rolled 
Nb-Ce alloy had room temperature and 
2000°F tensile properties comparable to 
those of commercial Nb, which is made 
ductile by vacuum sintering. It is diffi- 
cult to obtain sound buttons and the 
best ductility in Nb on the first melting. 


Abstract No. 124 
_ Electroplating on Columbium 
J.G. Beach, Battelle Memorial Institute, 
Columbus 1, Ohio 


Electroplated metals on Cb are an aid 
to joining Cb to another metal. Cb can 
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be electroplated with Fe with a fair 
degree of adhesion. Subsequent out. 
gassing at 400°F and heat treatment a 
1300°F results in excellent adherence of 
the Fe coating. This Fe coated Cb then 
can be plated with other metals or joined 
to other metals by conventional means, 


Abstract No. 15 
Oxidation of Niobium between 375° 
and 700°C 


KE. A. Gulbransen and K. F. Andrew, 
Research Labs., Westinghouse Elec. 
trie Corp., Beulah Rd., Churchill 
Borough, Pittsburgh 35, Pa. 

Nb has been found to oxidize in a com- 
plex manner. At 400°C and lower a slow 
rate of reaction is observed with the 
kinetics following the parabolic rate 
law. At a weight gain of 55-70 ug/em*s 
transition in the kinetics occurs to 
nearly linear rate law. Between 550° and 
625°C the oxidation rate is nearly con- 
stant as a function of temperature, while 
above 625°C the oxidation rate again 
increases with the temperature. The 
adherence of the oxide is poor above the 
transition point. 


Abstract No. 12% 


Development of Oxidation-Resistant 
Niobium Alloys 


H. T. Kling, Atomie Energy Div., Syl- 
vania Electric Products Ine., Bay- 
side, N. Y. 

The nature of the oxidation process in 
pure Nb in described. The effect of the 
addition of several alloying elements on 
the oxidation process is then discussed 
in detail. 


Abstract No. 127 
Effect of Alloy Additions on 
Oxidation Resistance of 
Niobium 


F. J. Clauss and C. A. Barrett, NACA 
Lewis Flight Propulsion Lab., 21000 
Brookpark Rd., Cleveland 11, Ohio 


Selection of alloying elements for im- 
proving the oxidation resistance of Nb 
at elevated temperatures is discussed, 
Results are presented of an extensive 
survey to evaluate the effects of up to 
25 at. % of various alloying additions on 
the oxidation behavior at 1000° and 
1200°C. 


Abstract No. 128 


Oxidation of Niobium-Chromium 
Alloys at Elevated Temperatures 


C. A. Barrett and F. J. Clauss, NACA 
Lewis Flight Propulsion Lab., 21000 
Brookpark Rd., Cleveland 11, "Ohio 


Detailed studies of the kinetics and 
mechanisms of oxidation of Nb-Cr alloys 
are presented. Results include continu- 
ous oxidation curves, x-ray diffraction 
studies, microstructural examinations, 
and chemical analyses of the scales and 
alloys. 


Abstract No. 12% 


Vacuum Reactions of Niobium 
during Sintering 


W. D. Klopp, C. T. Sims, and R. L 
Jaffee, Battelle Memorial Institute, 
Columbus 1, Ohio 


(No abstract received) 
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INDUSTRIAL ELECTROLYTIC 


Abstract No. 130 


Electromagnetic Forces in a Large 
Aluminum Furnace 


0. Chr. Bockman, Elektrokemisk A/S, 
Oslo, Norway, and J. Wleiigel, A/S 
Norsk Aluminium Co., Oslo, Norway 

Certain difficulties in the operation of 
jarge Al furnaces are known to be caused 
by electromagnetic forces set up in the 
molten cryolite and Al layers. The prob- 
lem has been analyzed mathematically 
and by use of scale models. Results 
obtained by this analysis and possible 
ways of reducing the electromagnetic 
forees are surveyed. 


Abstract No. 131 
Electrical Conductivity of Molten 
Florides, I. Apparatus and 
Method 


£. W. Yim and Morris Feinleib, Chemi- 
eal Research Dept., Kaiser Alum- 
inum & Chemical Corp., Per- 
manente, Calif. 

A method and apparatus have been 
developed for determining the electrical 
conductivity of eryolite-base melts and 
other fluorides. Hot-pressed BN is used 
to fabricate high-resistance cells with 
constants ranging from 17 to 39 em™. 
Such cells must be used under an inert 
atmosphere. Furthermore, in order to 
correct for the conductance of the cell 
body proper, measurements have to be 

e with the cell immersed in melt as 
well as out of the melt. A furnace and 
apparatus for accomplishing these ob- 
jectives are described. An a-c Wheat- 
stone bridge is used for measurements. 
Although Inconel electrodes were em- 
loyed, resistance values were found to 
Hisdependent of frequency above 1000 
eyeles. 


Abstract No. 132 
Electrical Conductivity of Molten 
Fluorides, II. Conductance of 
Alkali Fluorides, Cryolites, 
and Cryolite-Base Melts 


E.W. Yim and Morris Feinleib, Chemical 
Research Dept., Kaiser Aluminum 
& Chemical Corp., Permanente, 
Calif. 

The electrical conductivities of molten 
LiF, NaF, KF, Li;AlFs, Na;AlFs, and 
K,AIF,; have been determined. Typical 
values are: 
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melting point of U. The effect of current, 
salt bath composition, and other vari- 
ables on efficiency and cell operation are 
discussed. Advantages of the new proc- 
ess are outlined, and areas requiring 
additional development work are indi- 
cated. 


Abstract No. 134 
Chlor-Alkali Committee Report 


J. C. Cole, Diamond Alkali Co., Union 
Commerce Bldg., Cleveland 14, Ohio 


(No abstract received) 


Abstract No. 135 
Influence of Impurities in the Elec- 
trolyte in Chlorine-Caustic Elec- 
trolysis by the Mercury Cell 
Process, VI. Investigation of the 
Influence of Graphite Particles on 
Amalgam Decomposition and 
Cathodic Current Efficiency 


Gésta Angel, Rolf Brinnland, and Stig 
Dahlerus, Div. of Applied Electro- 
chemistry, Royal Institute of Tech- 
nology, Stockholm, Sweden 

The influence of graphite particles on 
the Hg cell process for the production of 

Cl and caustic soda has been investigated 

by measuring decomposition rate of 

sodium amalgam in buffered NaCl solu- 
tions and by study of the current effi- 
ciency of a laboratory mercury cell. 

Quantities of graphite under 3. g/l have 

little effect on current efficiency with 

pure brine, but in the presence of Mg or 

Al the effect is appreciable. The simul- 

taneous presence of graphite and either 

Fe, Ca, or small quantities of V (<0.1 

mg/l) does not affect the electrolysis 

process. Silicates and stannates inhibit 
the action of the graphite particles. 


Abstract No. 136 


The Castner-Kellner Shunt Circuit 
for Mercury Chlor-Alkali Cells 


M. Janes, National Carbon Research 
Labs., National Carbon Co., A Div. 
of Union Carbide and Carbon Corp., 
Cleveland, Ohio 

Analysis of the Castner-Kellner shunt 
circuit by Kirchoff’s laws shows that 
anodic concentration polarization in the 
amalgam decomposition cell is a result 
of the circuit arrangement, and not the 
primary cause, as has been stated, of the 
failure to attain appreciable utilization 
of the chemical energy of the decomposi- 


NaF:AIF; ratio on the conductivity of 
cryolite-base melts has been studied. 
Molar and equivalent conductances have 
been calculated for several melts, and 
their significance is discussed. 


Abstract No. 133 


Uranium Metal Preparation by Elec- 
trolytic Reduction of Its Oxides 


lL. W. Niedrach and B. E. Dearing, 
Knolls Atomic Power Lab., General 
Electric Co., Schenectady, N. Y 

Background work is described for a 
tew continuous process for production 

o U by electrolytic reduction of U 

oxides in fused salt electrolytes. Unlike 

past electrolytic processes for U produc- 
tion, the present one is operated at 
temperatures (1200°-1250°C) above the 


Salt LiF NaF KF LisAIFe | NasAlFe |  KsAlFe 
Temp, °C | 900 | 1020 900 900 | 1020 1020 
K, ohm~! 8.43 5.15 3.80 3.78 | 2.84 |2.28 
The effect of alumina, CaF:, and tion reaction as electrical energy (volt- 


age saving). The potential of the anode 
in the denuder cell determines the Na 
concentration in the Hg returned to the 
Cl cell. The variation of this potential 
with other operating factors is discussed. 
An estimate is made of the possible volt- 
age saving if some expedient other than 
the shunt circuit were employed to main- 
tain a Na balance. 


Abstract No. 137 
Electrolytic Production of Sodium 
Perchlorate Using Lead Dioxide 
Anodes 


J. C. Schumacher, D. R. Stern, and 
P. R. Graham, American Potash & 
Chemical Corp., Whittier, Calif. 

The purpose of this study was to in- 
vestigate the use of lead dioxide anodes 
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as a substitute for Pt in the production 
of NaClO,. Rod shaped lead dioxide 
deposits were prepared by plating on 
wires. Lead dioxide anodes will produce 
NaClO, at high cumulative current 
efficiencies. One anode was used 3000 hr. 
NaClO, can be produced using various 
metallic cathodes. Energy results indi- 
cate that stainless steel and Ni are the 
best cathodic materials. NH,C1O, pre- 
pared from the NaClO, produced in this 
investigation contained no significant 
metallic contamination. 


THEORETICAL ELECTRO- 
CHEMISTRY 


Abstract No. 138 
Interpretation of Activity and 
Osmotic Coefficients 


George Scatchard, Dept. of Chemistry, 
Massachusetts Institute of Tech- 
nology, Cambridge, Mass. 

The Debye discharge-transfer-charge 
process in continuous media gives a 
start toward interpreting the cumula- 
tive, and approximately additive, effects 
of the charge-charge, charge-molecule, 
and molecule-molecule interactions in 
electrolyte solutions. For noble gas-type 
ions in water, the latter two are approxi- 
mately those of holes in the solvent. The 
next approximations include effects on 
deviations from additivity, “higher 
terms,’’ structure of the solvent, and 
specific deviations from noble gas-type 
ions. The greatest difficulties arise from 
those effects which are also operative in 
aqueous solutions of nonpolar electro- 
lytes. 


Abstract No. 139 


Electrolytic Solution Problem in 
Statistical Mechanics 


J. E. Mayer, Enrico Fermi Institute for 
Nuclear Studies, University of 
Chicago, Chicago, IIl. 

The treatment of liquid solutions by 
formal statistical mechanical methods is 
always plagued by the absence of a 
completely satisfactory treatment of 
even a pure liquid. However, to some 
extent this difficulty can be evaded by 
assuming a knowledge of the properties 
of the pure solvent at the outset of the 
treatment. Various tricks for doing this 
are available. For electrolytic solutions, 
a special problem, the long range of the 
forces and consequent nonconvergence 
of the ordinary methods, adds a compli- 
cation. Again, methods of avoiding the 
difficulty are available. 


Abstract No. 140 


Successes and Limitations of the 
Theory of Debye and Hiickel 


E. A. Guggenheim, Dept. of Chemistry, 
University of Reading, Reading, 
England 

Appraisal of the Debye-Hiickel theory 
should distinguish between the model 

(complete ionization, rigid spherical 

ions) and the approximation (z ey < kT’). 

For 2-2 elect saltees in water the model is 

valid, the approximation is not. A com- 

bination of Miiller’s more accurate so- 
lution with a modified form of Bjerrum’s 
conventional definition: of association 
leads to complete agreement between 
theory and experimental measurements 
of freezing points on six sulfates of bival- 
ent metals which are shown to have effec- 
tive. mean diameters between 3.5 and 
4.0 A. 
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Abstract No. 141 on absorption. The nmr_ principles Abstract No, 14 

Statistical Mechanical Theory of involved are summarized. Earlier nmr A Point of View on Ion Clouds; 4 
Plasmas and Liquid Metals studies of solutions are reviewed and 


J. G. Kirkwood, Sterling Chemistry 
Lab., Yale University, New Haven, 
Conn. 

The Fermi-Thomas statistical theory 
of the atom and the Debye-Hiickel 
theory of strong electrolytes are com- 
bined to provide a statistical mechanical 
description of electroneutral systems of 
positive ions and electrons in thermody- 
namic equilibrium. Differential equa- 
tions for the average electrostatic po- 
tentials in the neighborhood positive 
ions and electrons are formulated, and 
the electrostatic free energy and equa- 
tion of state of a dilute plasma are cal- 
culated. A generalization of the theory 
to include liquid metals is outlined. 


Abstract No. 142 


Properties of Concentrated Solutions 
of Acids and Alkalies 


R. P. Bell, Physical Chemical Labs., 
Balliol College, Oxford, England 


Data are presented for the acidity 
functions of a number of acids in aqueous 
solution over a large concentration 
range. Some analogous results are given 
for concentrated solutions of alkalies. 
Suggestions are made as to the inter- 
pretation of these results with special 
reference to the structure of water and 
of the hydrogen ion and the possible 
polymerization of the acid anions. 


Abstract No. 142A 


Present State of the Electrolyte 
Problem 


C. A. Kraus, Dept. of Chemistry, Brown 
University, Providence, R. I. 
This paper is a summarizing outline of 
present electrolyte problems. 


Abstract No. 143 


Properties of Rare Earth Salts in 
Electrolytic Solutions 


F. H. Spedding and Gordon Atkinson, 
Institute for Atomic Research, Iowa 
State College of Agriculture and 
Mechanic Arts, Ames, Iowa 

For the past eight years, the Ames 

Lab. has had a program of studying the 
electrolytic properties of the rare earth 
salts. These studies cover solutions of 
the chlorides, bromides, nitrates, per- 
chlorates, and sulfates of the rare earth 
series. Data on the activity coefficients, 
conductances, transference numbers, 
heats of solution, heats of dilution, 
partial molal volumes, and partial 
compressibilities have been assembled in 
one paper. These data are discussed with 
respect to the Debye-Hiickel and On- 
sager theoretical predictions. Regulari- 
ties which have been observed are 
emphasized. 


Abstract No. 144 


Nuclear Magnetic Resonance Studies 
of Aqueous Solutions* 


H. 8. Gutowsky, Noyes Chemical Lab., 
University of Illinois, Urbana, II. 

Very small interactions produce 
readily detectable changes in the various 
characteristics of the nuclear magnetic 
resonance absorption of a sample. 
Therefore, it is to be expected that 
intermolecular or interionic interactions 
can be studied by observing their effects 


some recent work at Illinois is described. 
These applications include: (a) chemical 
shifts and quadruple broadening which 
are associated with the structure of 
solutions; (6) the study of rate processes 
in solution under equilibrium conditions 
by spin-lattice relaxation time measure- 
ments and also by chemical shifts. 


* Assisted in part by ONR. 


Abstract No. 145 


Raman Spectral Studies of Ionic 
Equilibria in Solutions of 
Strong Electrolytes 


T. F. Young, Dept. of Chemistry, 
University of Chicago, Chicago, IIl. 
Some electrolytes emit Raman spectra 
sufficiently intense and simple to permit 
accurate (photoelectric) determinations 
of ion concentration. Measurements of 
intensities combined with studies of 
other properties, e.g., nuclear magnetic 
resonance and conductance, yield equi- 
librium constants covering temperature 
ranges so wide (150°-300°C) that AC 
can be estimated. Values for the dis- 
sociation of strong acids are similar to 
those for typical weak acid (—35 to —40 
cal mole-' deg-'). 

Several nonaqueous solutions have 
been studied. Of particular interest are 
mixtures of fused salts, e.g., KCl and 
CdCl, in which complexes similar to 
those in aqueous media are observed. 


Abstract No. 146 


Melting Mechanisms of Ionic 
Crystals 


A. R. Ubbelohde, Dept. of Chemical 
Engineering, Imperial College of 
Science and Technology, London, 
England 

Mechanisms of melting which involve 
primarily positional disorder of the ions 
are reviewed. Normally these are not 
accompanied by extensive premelting in 
the solid state; some interesting excep- 
tions are considered. Other meltin 
mechanisms may accompany positiona 
disorder in certain ionic salts. For 
polyatomic ions, formation of associa- 
tion complexes on melting can make 
important contributions to the total 
entropy of fusion, and can lead to 
abnormally low melting points. 


Abstract No. 147 


Influence of Complex Ions on 
Structure and Reactivity of 
Fused Salts 


E. R. VanArtsdalen, Oak Ridge National 
Lab., Oak Ridge, Tenn., and Na- 
tional Carbon Research Labs., 
Cleveland, Ohio 

Evidence for the existence of various 
types of complex ions in fused salts is 
presented and reviewed for both single 
salts and mixtures. Certain important 
structural concepts are considered. 

Methods and results are discussed which 

have been obtained by measurement of 

such properties as freezing point depres- 
sion, entropy of fusion, viscosity, 


electrical conductance, x-ray diffraction, 
and reaction rate. Examples are given to 
illustrate ways in which the kinetics of 
chemical reactions, including electrode 
processes, can be influenced by the 
presence of complexing agents in a melt. 


Suggested Explanation of an 
Activity Anomaly in Dilute 
Aqueous LiCl Solutions 


H. S. Frank and P. T. Thompson, Dept, 
of Chemistry, University of Pitts. 
burgh, Pittsburgh, Pa. 

The log y — m*® curve for aqueous 
LiCl has a break near 0.001M which is go 
sharp that some cooperative phenomenon 
seems to be involved. It is suggested that 
in addition to a special ion-water 
structure effect there is a quasi-trangj- 
tion from the Debye-Hiickel type ion 
cloud to a ‘diffuse lattice’ type, in 
keeping with the accurate m4 depend- 
ence of log y from 0.001M to 0.05M. 
Theoretical considerations and the 
shapes of many activity, conductance, 
and diffusion curves suggest that such 
a lattice cloud occurs rather generally, 


Abstract No. 149 


Incomplete Dissociation in Aqueous 
Salt Solutions 


C. W. Davies, Edward Davies Chemical 
Labs., University College of Wales, 
Aberystwyth, Wales, Great Britain 

Development of methods for estimat- 
ing the proportion of free ions in an 

‘aqueous electrolyte solution is described, 

Some of the results obtained are re- 

viewed with reference to Bjerrum’s ion- 

association hypothesis and to ionic 
hydration theories. 


Abstract No. 150 


Hydration and Association in 
Aqueous Electrolyte Solutions 


E. Glueckauf, Atomic Energy Research 
Establishment, Harwell, Berks., 
England 

Various approaches to effects of ionic 
hydration, hydrated ion size, and ionic 
association are examined critically. For 
weak ion pair formation, effectively 
linear terms result which cannot be 
separated from other terms. However, 

from strong associations (e.g., 2:2 

electrolytes) nonlinear functions arise. 

Thus for MgSO, solutions Brown and 

Prue have shown that osmotic data up to 

0.03M indicate formation of the undis- 

sociated ion pair. This paper shows that, 
up to 1M, data are consistent with addi- 
tional formation of the triplet ion 

Mg(SO,).?-, but not with the complex 

Mg(SO,)2. This seems to apply to all 2:2 

electrolytes. 


Abstract No. 151 


Hydrogen Bond Structures, Hydra- 
tion of Protons, and Proton 
Transfer in Aqueous Solutions 


M. Eigen, Max-Planck Institute for 
Physical Chemistry, University of 
Gottingen, Géttingen, Germany 

From thermodynamic and kinetic data 

a defined model for hydration of the 

proton in aqueous solution has been 

derived. According to this model the 
proton exists as H,;O* ion connected to 
at least three additional H.O molecules 

by H bonds, forming a complex with a 

proton of excessive mobility. Relaxation 

measurements in pure water and ice 

result in a half-life of about 10~" -10-" 

sec for the individual H,O*. Measure- 

ments with a new “stationary field 
method” yield an appreciably higher 
rotonic mobility in ice than in water. 

Buch proton-conducting H-bond systems 

which are also of biological interest show 

certain parallels to electronic semi- 
conductors. 
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Abstract No. 152 


Quantitative Measurements of Ionic 
Vibration Potentials* 


g. Yeager, J. Booker, and F. Hovorka, 
Ultrasonic Research Lab., Western 
Reserve University, Cleveland, Ohio 

When ultrasonic waves are introduced 
into an electrolytic solution, alternating 
tential differences are produced within 

the solution. This effect was proposed by 
Debye in 1933 for the study of ionic 
hydration. Apparatus involving pulse- 
modulated waves has been developed 
specifically for the investigation of this 
effect. Data with an estimated accuracy 
of 410% will be presented and inter- 
reted for several electrolytes at fre- 
quencies in the range 10° to 10° eps. 


* Based on research supported by the Office of 
Naval Research. 


Abstract No. 153 
A Physical Theory of Ion Solvation 


M. Balkanski, Corrosion Lab., Massa- 
chusetts Institute of Technology, 
Cambridge, Mass. 

An attempt is made to calculate heat of 
solvation based on electrostatic consid- 
erations. The ion is assumed to be a 
spherical conductor with a uniform 
surface charge density enveloped by 
water molecules of volume wu. The 
electrostatic energy accummulated in 
this volume is calculated, neglecting 
action of the electrical field of the ion 
outside the limits of the solvated com- 
plex, and expresses variation of solvation 
energy in which water polarization is 
assumed due only to dipole orientation. 
Here, the polarization is given by the 
Langevin function. Variation of energy 
is given by integration of this function 
between the crystallographic radius of 
the ion and the experimentally deter- 
mined radius of the complex. The heat of 
solvation is calculated for certain cases. 


Abstract No. 154 
Aquo-ions and Ion Pairs 


J. F. Duncan and D. L. Kepert, Chemis- 
try Dept., University of Melbourne, 
Victoria, Australia 

The electrostatic model of chemical 
bonding is discussed in relation to the 
structure of aquo-ions, complex ions, and 
ion pairs. Systematic relations between 

(a) the standard thermodynamic quanti- 

ties of formation, (b) those of the compo- 

nents, and (c) the ionic radii are inter- 
preted. The evidence on the nature of ion 


| pairs obtainable from spectra is con- 


sidered with reference to the crystal 
field theory. 


Abstract No. 155 
Ionization of the Bisulfate Ion; 
Notes on the Electromotive Force 
Method of Determining 
Ionization Constants 


W. J. Hamer, National Bureau of 
Standards, Washington 25, D. C. 


The ionization constant of the bisul- 
fate ion determined by emf and spectro- 
photometric methods differs by 16% at 
25°C. Harned and Owen in their book 
state ‘A reexamination of the methods of 
computing Kea from the electromotive 
forces may remove this discrepancy.”’ In 
1952 Davies appeared to have removed 
the discrepancy by taking NaSO, as 
incompletely dissociated. 

is paper gives a re-examination of 
emf data. Whereas the limiting Debye- 
Hiickel equation was originally used, 
“fon sizes’? were incorporated with 
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resultant nonconvergence at infinite 
dilution. This is general for the emf 
method; nonconvergence is progressively 
higher with lower pKs. Surprisingly, 
however, convergence is obtained when 
salt-free solutions, as employed by 
Davies, are used. 


Abstract No. 156 
Heats of Dilution of Very Dilute 
Solutions of Weak and Strong 
Electrolytes 


E. Lange, Institute of Physical Chem- 
istry, University of Erlangen, Er- 
langen, Germany 
Heats of dilution of dilute aqueous 

solutions of electrolytes may be caused 

by interionic forces between dissolved 
ions and/or by heats of dissociation of 
dissolved molecules. Very dilute solu- 
tions of strong electrolytes show practi- 
cally only exothermic interionic effects 
paren to their ionic valence 
type. Weak electrolytes and nonelectro- 
lytes are exothermic or endothermic; in 
some cases they cause heats of dissocia- 
tion. In dilute solutions, salts of weak 
bases or acids show heats of hydrolysis. 


Abstract No. 157 


Anion Exchange Studies of Metal 
Complexes 


K. A. Kraus, Chemistry Div., Oak Ridge 
National Lab., Oak Ridge, Tenn. 
Anion exchange of metal complexes is 
a general tool for investigation of 
complexing properties of metals. The 
method is of the thermodynamic ty 
and is a supplement to other methods. 
With a large amount of anion exchange 
information available, conclusions may 
be drawn on a comparative basis. In 
favorable cases, equilibrium quotients 
for complex equilibria and information 
regarding the pertinent coefficient ratios 
may be obtained. The method is rela- 
tively simple for dilute electrolyte solu- 
tions, and reasonably firm for concen- 
trated electrolyte solutions. 


Abstract No. 158 
Electrophoresis and Conductivity in 
lutions Containing 
Polyelectrolytes 


J. J. Hermans, Lab. for Inorganic and 
Physical Chemistry, Rijks Univer- 
sity, Leiden, The Netherlands 

According to a simple theory, the 
electrophoretic mobility U of charged 
chain molecules should be independent 
of the molecular weight when the ionic 
strength » of the solution is high. At 
lower u-values, U may increase and 
eventually reach a maximum. Some data 
appear to confirm this. It is more difficult 
to predict the conductivity «. Experi- 
ments show that « sometimes decreases 
in cases where the simple theory indi- 
cated above predicts an increase. An at- 
tempt to explain this behavior in terms 
of relaxation effects will be discussed. 


Abstract No. 159 
Normal and Abnormal Ionic 
Mobilities in Anhydrous 
Hydrofluoric Acid and 
Hydrogen Peroxide- 
Water Systems 


Martin Kilpatrick, Dept. of Chemistry, 
Illinois Institute of Technology, 
Chicago, Ill. 

Abnormal conductances of cations and 
anions of solvents water and H.SO,, and 
of cations of solvents methyl and ethyl 
alcohol, have been reported. In liquid 
ammonia neither the solvent cation nor 
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anion shows abnormal conductance. This 
paper reports that the cation of anhy- 
drous HF shows no abnormal con- 
ductance, but the anion has a higher 
mobility than other anions. 

When H,0:» replaces water in a solution 
of HClO, the mobility of the cation 
decreases, and at 99% H:O: the mobility 
is about the same as that of potassium 
ion. As H,O» replaces water in a solution 
of KOH the ratio of the conductance to 
that of KC1O, first decreases, then passes 
through a minimum, and _ increases 
beyond 25% H:O:s. This result is inter- 
preted to mean that the peerepsounne 
ion has a greater mobility than the 
hydroxide ion. The problem is also 
considered for other solvent-water mix- 
tures, and the importance of the nature 
and structure of the solvent stressed. 


Abstract No. 160 
Mobilities of Ions and Uncharged 
Molecules in Solutions in Relation 
to Viscosity 


R. H. Stokes, Dept. of Chemistry, 
University of New England, Armi- 
dale, N.S.W., Australia 

The rapid progress being made in the 

theoretical treatment of interionic effects 
on the motion of ions in relatively con- 
centrated solutions emphasizes the poor- 
ness of our present understanding of the 
relation of viscosity to mobility in such 
solutions. Data are presented for (a) 
tracer diffusion of iodide in concentrated 
halide solutions, (6) ion mobilities in 
solutions of aqueous nonelectrolytes, 
and (c) conductances of concentrated 
electrolytes in water. Attempts are made 
to correlate the observations with 
viscosity data. 


Abstract No. 161 
Conductance Equations of Robinson- 
Stokes and Wishaw-Stokes Applied 
to the Regions of Dilute and of 
Concentrated Solutions, 
Respectively 


A. N. Campbell, Dept. of Chemistry, 
University of Manitoba, Winnipeg, 
Man., Canada 

This paper deals with the followin 

subjects: the equation of Robinson an 
Stokes applied to conductance in the 
region of moderate dilution; limiting 
conductance of salts which hydrolyze; 
physical significance of 4, the distance of 
closest approach of the ions; the hy- 
drated ion in aqueous and mixed sol- 
vents; application of the Wishaw-Stokes 
equation tothe conductance of concen- 
trated solutions; viscosity correction. 


Abstract No. 162 
A Redetermination of the Value of 
the Faraday with the Iodine 
Coulometer 


D. A. MacInnes and A. R. Pray, Rocke- 
feller Institute for Medical Research, 
New York, N. Y 


Since the most accurate method for 
determining the charge e on the electron 
depends on F = N e, the precise value 
of F takes on new importance, especially 
as e is related to most other physical 
constants. Aside from recent research by 
Craig and Hoffman on the oxalate 
coulometer, work on evaluation of the 
Faraday is over 40 years old. , 

The research described is a return to 
the iodine coulometer, but using modern 
techniques. Experimentally, this method 
depends on finding the amount of iodine 
released or absorbed during passage of a 
known current for an accurately meas- 
ured time. A constant current apparatus 
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has been developed which regulates to at 
least 1 ppm. The time is obtained from 
Bureau of Standards broadcasts. Iodine 
is determined by differential electro- 
metric titration, with a precision of 
1 ppm; titrating fluid is calibrated using 
iodine tested by activation analysis and 
other methods. 


Abstract No. 163 

Diffusion and Activity Coefficients 

of Electrolytes in Dilute Aqueous 
Solutions 


H. 8. Harned, Sterling Chemistry Lab., 
Yale University, New Haven, Conn. 
The theory of diffusion coefficients of 
electrolytes in dilute solutions leads to 
the expression 


D = vl000RT(M/C) (: +C 
where M/C is a mobility term, and the 
parenthesis containing the activity coef- 
ficient, y,, is a thermodynamic term. It 
has been shown by a conductometric 
method that diffusion coefficients of 
many electrolytes of different valence 
types at concentrations below 0.01M 
conform to the theory. The small varia- 
tion of the mobility term with concentra- 
tion, caused by electrophoresis, appears 
to be of the right sign and magnitude. 

Assuming that this mobility term is 
correct, activity coefficients in dilute 
solutions can be computed from diffusion 
data. This method is described and 
applied to solutions of 15 electrolytes. 


Abstract No. 164 


Thermal Diffusion and Related 
Effects in Solutions of Electrolytes 


J.N. Agar, Dept. of Physical Chemistry, 
Cambridge University, Cambridge, 
England 

The thermodynamic treatment of 

nonisothermal systems is summarized, 
and the significance of the entropy of 
transport and ‘“‘transported entropy”’ 
outlined. Two recently developed 
methods of measuring Soret coefficients 
are described; they utilize (a) changes in 
emf of a nonisothermal cell, and (6) 
changes in conductance of the solution. 
The latter appears promising as a general 
method for dilute solutions of electro- 
lytes. Soret coefficients (or entropies of 
transport) of aqueous ions are strongly 
temperature dependent and do not ap- 
pear to be correlated in any simple man- 
ner with other ionic properties. 


Abstract No. 165 


Temperature Dependence of the 
Thermal Diffusion of Aqueous KCl 


J. G. Longsworth, Rockefeller Institute 
for Medical Research, New York, 

Soret coefficients of 1,2,3, and 4M 
solutions of aqueous KCl have been 
determined over the temperature inter- 
val from 10° to 50° in 10° steps. Except at 
the highest temperature, 7, and con- 
centration, m, the magnitude of the 

coefficient increases as both 7 and m 

increase, the salt migrating to the cold 

plate in each instance. Concentration 
profiles have been determined in situ 
with the aid of a two-channel cell, filled 
with solution and solvent, respectively, 
and Rayleigh interferometry. Results 
are considered in relation to other 
methods for the measurement of thermal 
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diffusion in liquids and the emf of 
electrolytic thermal cells. 


Abstract No. 166 
Data for the Concentration Depend- 
ence of the Four Diffusion Coef- 
ficients of the System NaCl- 
KCI-H,O at 25° 


I. J. O’Donnell and L. J. Gosting, Uni- 
versity of Wisconsin, Madison, Wis. 
Solute flows J; and J2 in a 3-component 
system may be related to concentration 
gradients by the equations 


J D acy D ac 
1 u az az 
ac 

aC, 

- — — De — 


In general, diffusion coefficients defined 
by these relations vary with both solute 
concentrations. Using the Gouy dif- 
fusiometer to study the refractive index 
curves for free diffusion, values have 
been obtained for the four diffusion 
coefficients of the system NaCl-KCl- 
H.O. Results are reported for the four 
combinations of the two salt concentra- 
tions used, these concentrations being 
0.25 and 0.5 mole/1. To evaluate diffusion 
coefficients for each combination of con- 
centrations, four experiments were 

rformed with different refractive 
ractions of NaCl. The Gouy fringe 
deviation graphs, used in evaluation of 
the diffusion coefficients, give on inspec- 
tion direct information about flow inter- 
actions. 


Abstract No. 167 


Thermodynamic Functions of Single 
Ionic Species in Solutions 


Dept. of 
University, 


Pierre Van Rysselberghe, 
Chemistry, Stanford 
Stanford, Calif. 

Current conventions concerning the 
assignment of absolute values to the free 
enthalpies, enthalpies and entropies of 
single ionic species in solutions are 
critically re-examined. Expressions for 
absolute electrode potentials and electro- 
motive forces of cells and for their 
temperature coefficients are written 
explicitly before conventions are intro- 
duced. The treatment, based mostly on a 
logical elaboration of the original con- 
vention concerning the standard hydro- 
gen electrode, avoids contradictions, and 
is presented as a fundamental adjunct to 
theories of electrolytes. 


Abstract No. 168 
Some Thermodynamic Properties of 
Solutions of Salts of Bivalent 
Metals 


J.M. Austin, R. A. Matheson, and H. N. 
Parton, Chemistry Dept., Univer- 
sity of Otago, Dunedin, New Zealand 

The heats of mixing of lead perchlorate 
and potassium halide solutions have been 
measured in a microcalorimeter, and 
the heats of formation of PbX* ions 
derived. Association constants of the 
ions CdBrt, CdI*, Pb(SCN)*, Hg(NO;)* 
have been measured spectrophotometri- 
cally. The optical method suggests that 
the ions Cd (NO;)*, Cd(SCN)*, Zn 

(SCN)*, PbF* do not exist in significant 

amounts in the solutions studied. The 

thermodynamics of ion association is 
discussed. 
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Abstract No, 

Ionization Constants of Weak Acid 
from Spectrophotometric Therm 
Measurements Chior 
R. A. t. of Chemistry fror 

University of Malaya, Singapor 
Many acids (including acids of th nic In 

anilinium ion type) have markedly dij. 4 

ferent u.v. absorption in solutions of lox} EMF ™ 


and high pH, and, from the variation of 
optical density with pH at a given waye 
length, the degree of dissociation and the 
ionization constant of the acid can be 
determined. At least three measurements 
at different pH values are needed for, 
monobasic acid and at least five for, 
dibasic acid with overlapping dis 
sociation. Recent work on substituted 
anilines, phenols, and barbituric acids 
will be discussed with relation to Ham- 
mett’s Rule. 


Abstract No. 1” 
Conductance and pH Measurement | 
in Methanol-Water Mixtures 


Theodore Shedlovsky, Rockefeller Insti- 
tute for Medical Research, York 
Ave. & 66 St., New York, N. Y. 

The electrical conductances of dilute 
solutions of salts and of strong and weak 
acids in water-methanol solvent mixtures 
are compared over the entire range of 
solvent composition at 25°C. The weak 
acid ionization constants are computed 
from these data. They are used for 
interpreting pH types of emf measure- 
ments obtained with lass electrodes on 

buffer solutions in these solvent mix- 

tures. 


Abstract No. 171 

Ionization Equilibria in Ammonia. 

Water Solutions from 5° to 55° as 
Obtained from High Field 
Conductance Measurements 


Emil Arnold, Harlow Freitag, and 
Andrew Patterson, Jr., Sterling 
Chemistry Lab., Yale University, 
New Haven, Conn. 
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High field conductance measurements 
on a series of ammonia-water salutions 
are reported. A temperature range of 
5°-55° was covered. High field condue- 
tance results are treated so as to obtain 
ionization equilibrium constants for the 
several temperatures. Equilibrium con- 
stants (in contrast with those obtained 
from emf measurements) exhibit a mini- 
mum at about 30°, where the constant 
has the value 8.5 X 10~*. The significance 
of these results and the possible ioniza- 
tion equilibria in water-ammonia solu- 
tions are discussed. 


Abstract No. 172 


An Isopiestic Unit for High 
Temperature Studies 


B. A. Soldano, R. J. Fox, and R. W. 
Stoughton, Chemistry Div., Oak 
Ridge National Lab., operated b 
Union Carbide Nuclear Co., 0: 
Ridge, Tenn. 

An isopiestic unit has been constructed 
for aqueous solutio. work at elevated 
temperatures up to~ 150° or_ higher. 
Periodic weighing of sample dishes is 
accomplished inside the vaccum-tight, 
pressurized, stainless steel equilibration 
vessel by means of a specially con- 
structed Ti magnetic balance. The unit 
has been found to operate satisfactoril 
and to respond more rapidly althou 
less accurately at the higher tempera 
tures. Comparative osmotic coefficients 
are presented. 
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Abstract No. 173 


Thermodynamics of Hydrogen 
Chloride in Ethyl! Alcohol 
from EMF Measurements 


G. J. Janz and Harry Taniguchi, Dept. 
of Chemistry, Rensselaer Polytech- 
nic Institute, Troy, N. Y. 


EMF measurements of the cell without 
liquid junction: Pt, H2(1 atm)| HCl in 
Ethanol (m)|AgCl-Ag have been carried 
out at 25°C over a concentration range 
from 0.0048 to 0.12M. New experimental 
techniques were devised, and the latest 
computational methods were employed 
to obtain the standard electrode poten- 
tial of the Ag, AgCl electrode in anhy- 
drous ethanol and the activity coef- 
ficients of HCl in ethanolic solutions at 
BC. 


Abstract No. 174 
Kinetics of Bromoacetate- 
Thiosulfate Ionic Reaction 


Gerald Corsaro and H. L. Stephens, 
Dept. of Chemistry, University of 
Akron, Akron 4, Ohio 


Reported results on the kinetics of 
jonie reactions as between bromoacetate 


, and thiosulfate ions implies a breakdown 


of the Debye-Hiickel theory embodied 
in the Bronsted-Christionson-Scatchard 
equations relating salt effects to such 
reactions. A re-interpretation of the 
published data with further experimental 


-| results suggests a mechanism for ionic 


reactions conforming with theory. Ion 
association and the influence of the 
dielectric constant of the solvent media 
on ion association are demonstrated. 


Abstract No. 175 


linc Standard Potential in Water- 
Organic Mixtures 


Gerald Corsaro and H. L. Stephens, 
Dept. of Chemistry, University of 
Akron, Akron 4, Ohio 


Cell emf measurements with ZnCl, in 
RtOH, meOH, and 1,4-dioxane-water 
mixtures provide extended tests of the 
Debye-Hiickel theory, particularly as it 
concerns the measured cell potential and 
the dielectric constant of the solvent. 
Activity coefficients from observed data 
compare favorably with those calculated 
from theory. The measured value for the 
tine standard electrode tential is 
confirmed from the potential-dielectric 
constant relationship. 


Abstract No. 176 


Uncommon Valency Ions and the 
Difference Effect 


M. E. Straumanis, Dept. of Metal- 
lurgical Engineering, University of 
Missouri School of Mines and 
Metallurgy, Rolla, Mo. 


The appearance of uncommon ions (on 
the basis of Faraday’s law) in anodic 
trolytic processes is sometimes re- 
ported in the literature. It is shown that 
the possibility of formation of such ions 
could be assumed because the difference 
eflect, the essence of which is explained 
briefly, was disregarded. Only when the 
influence of the effect is taken into 
seecount, can conclusions be drawn con- 
cerning the appearance of uncommon 
valency ions in anodic processes. 
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Abstract No. 177 


Streaming Potentials in Spherical- 
Grain Sands 


C. E. Bleil (Present address: Research 
Staff, General Motors Corp., De- 
troit, Mich.) and Wm. Sdelovee, 
Dept. of Physics, University of 
Oklahoma, Norman, Okla. 

Streaming potentials were obeerved in 
spherical-grain sands. Water and four 
concentrations each of Nal, NasSO,, 

MgSO,, and MgCl. were used. The 

streaming potential per unit pressure 

V/P was observed to deviate from exist- 

ing theory and satisfy the following 

equation 


V/P = (V/P), (1 + k/d + W/@) exp 
(—k/d) 


where (V/P), is the value for large 
grain diameter d, and k is a constant. 


Abstract No. 178 


EDL Capacities at Solid Metal- 
Solution Interfaces 


J.J. MeMullen and Norman Hackerman, 
Dept. of Chemistry, University of 
Texas, Austin 12, Texas 

An electric analog of the metal-solu- 

tion interface was assumed, and E vs. t 

changes were deduced mathematically 

for application of a square wave voltage. 

Analysis was verified using actual elec- 

tric components, and it was demon- 

strated that the component of capacity 
could be measured readily. The method 
was then applied with some success to 
each of the following metals in 1N 
NaSO,: Hg, Pt, Ag, Cu, Al, and Ta. 


Abstract No. 179 


Impedence at Polarized Platinum 
Electrodes in Various Electrolytes 


J. N. Sarmousakis and M. J. Prager, 
William H. Nichols Chemical Lab., 
New York University, University 
Heights, New York 53, N. Y. 

Results of alternating current bridge 
measurements of the impedances of 
bright platinum in contact with 1N 
aqueous solutions of potassium chloride, 

tassium bromide, and potassium 
iodide as functions of polarizing voltage 
and alternating current frequency are 

presented. Data may be interpreted in a 

manner similar to that for experiments 

with acid solutions. A model is offered 
to explain, in a qualitative way, the 
dependence of impedance on frequenc 
for the electrical double layer at nome | 
surfaces. 


Abstract No. 180 
Catalytic Activity and Electronic 


Structure 
Sigmund Schuldiner and J. P. Hoare, 
Electrochemistry Branch, Chem- 


istry Div., Naval Research Lab., 
Washington 25, D. C. 

Catalytic activity of a- and 8-Pd and 
Au-Pd alloys for hydrogen-producin 
reactions in solution was determined. 
relationship exists between this catalytic 
activity and heat of adsorption of atomic 
H. When the atomic combination step is 
rate-determining, catalytic activity in- 
creases as heat of adsorption of atomic H 
decreases. However, when the slow dis- 
charge step is rate-determining, catalytic 
activity increases as heat of adsorption 
of atomic H increases. An explanation is 
given for virtual independence of over- 
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voltage on current density for the H/Pd 
~ 1 alloy. Catalytic activity of Au-Pd 
alloys decreases as Au/Pd atomic ratio 
increases, indicating that heat of adsorp- 
tion of atomic H on Au is greater than on 


Abstract No. 181 


Mechanism of Hydrogen Producing 
Reactions on Palladium, IV. 
Electrochemical Kinetics of the 
«-Palladium-Hydrogen System 

in Acid Solutions 


J. P. Hoare and Sigmund Schuldiner, 
Electrochemistry Branch, Chemistry 
Div., Naval Research Lab., Wash- 
ington 25, D.C. 


An experimental investigation of the 
electrochemical kinetics of the a-pal- 
ladium-hydrogen system was made by 
means of a palladium bi-electrode. The 
pH effect on the anodic and cathodic 
polarization behavior was determined 
and related to bi-electrode mechanisms. 
Thickness of the bi-electrode had no 
significant effect. It was found that 
catalytic activity for the hydrogen- 
producing reactions on a-Pd was def- 
initely less than that on §-Pd. The 
transference number of protons in the 
bi-electrode was determined. A compari- 
son with a platinum bi-electrode was 
made. 


Abstract No. 182 


A Tentative Theory of Inhibitions 
of Aqueous Kolbe Electrolyses 


G. W. Thiessen, Chemistry Dept., 
Monmouth College, Monmouth, Ill. 


Three well-recognized structural inter- 
ferences exist for the discharge of the ion 
R.COO~ at bright Pt anodes in water. 
They are: (a) ethenoid, (b) cyclohexa- 
noid, and (c) benzenoid, caused by vinyl, 
cyclohexyl, and phenyl residues in R. 

thenoid inhibition can be correlated 
with aqueous ionization constants but 
the others cannot. Ethenoid inhibition 
appears due to a chain-transmitted 
electrostatic induction. The others are 
assumed due to steric hindrance from 
close carboxylate-ring association at all 
chain lengths. 


Abstract No. 183 


Electrochemical Polarization, II. 
Ferrous-Ferric Electrode 
Kinetics on Stainless 
Steel 


Milton Stern, Metals Research Lab., 
Electro Metallurgical Co., a Div. of 
Union Carbide and Carbon Corp., 
Niagara Falls, N. Y. 


The oxidation-reduction kinetics of 
the ferrous-ferric sulfate system have 
been measured on a stainless steel sur- 
face. The data completely support 
theoretical equations which describe the 
potential-current relationships for such a 
system. The analysis applies to reversible 
electrodes and to corroding electrodes 
where the potential is determined by two 
intersecting activation overvoltage fune- 
tions. Also, the analysis permits calcula- 
tion of a number of electrochemical 
constants with a minimum number of 
experimental observations. The possibil- 
ity of determining anode-to-cathode area 
ratios for corroding metals is discussed. 
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Abstract No. 184 
Relation between Pitting Corrosion 
and the Ferrous-Ferric Oxidation- 
Reduction Kinetics on Passive 
Surfaces 


Milton Stern, Metal Research Lab., 
Electro Metallurgical Co., a Div. of 
Union Carbide ne Carbon Corp., 
Niagara Falls, N. Y. 

Ferrous-ferric electrode kinetics have 
been studied on a variety of passive 
alloys. Activation polarization param- 
eters are not markedly different for all 
the surfaces studied except for Ti where 
the exchange current is an order of 
magnitude smaller. The local anodic 
polarization curve for solution of metal 
under passive conditions was found to be 
extremely steep. This is suggested as 
typical behavior for the passive condi- 
tion. 


Abstract No. 185 
Potential of an Electrode of a Voltaic 
Cell. A New Definition with 
Justification for the Use of 
Two Sign Conventions 


J. B. Ramsey, Dept. of Chemistry, 
University of California, Los Angeles 
24, Calif. 

A definition of the potential of an 
electrode, basically different from that of 
G. N. Lewis and J. Willard Gibbs, is 
developed on the basis of a thermody- 
namic analysis of the conditions existing 
in an electrode system at equilibrium. 
The value of this potential, so defined, is 
shown to be (a) invariant in sign, and 
(b) equal in magnitude and opposite » 
sign to that of the Gibbs potential. 
justification for two sign conventions i is 
presented. 


Abstract No. 186 


The Silver and Thallium Oxide 
Coulometer 


W. T. Foley, Chemistry Dept., St. 
Francis Xavier University, Anti- 
gonish, Nova Scotia 

A simple and precise coulometer makes 
use of a dilute solution of silver and 
thallium salts buffered to a pH of about 

9.5 with ammonium nitrate and am- 

monium hydroxide. The anode deposit is 

an oxide of thallium and the cathode 
deposit is an accurate measure of the 
quantity of electricity used. 


Abstract No. 187 


Voltammetric Studies at Constant 
Current in Fused Chlorides 
J. M. Wood, Jr., Research and Engin- 
eering Dept., Ethyl Corp., P.O. Box 
341, Baton Rouge 1, La. 
Techniques have been developed for 
extending the methods of constant cur- 
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rent voltammetry to fused chloride 
solvents at 600°C, and characteristic 
measurements have been made on several 
ions. New developments include a new 
reference electrode, a unique method of 
separating anode, cathode, and reference 
compartments, and the development of 
electrolytic methods for determining 
hydrogen and oxygen bearing materials 
in fused halides. 


Abstract No. 188 
Rates of Oxidation of Titanium in 
Fused Salt Baths 


M. E. Straumanis and Ch. Chiou, Dept. 
of Metallurgical Engineering, Uni- 
versity of Missouri School of Mines 
and Metallurgy, Rolla, Mo. 

Under a layer of molten NaCl, metallic 
Ti corrodes quickly in the presence of 
air. It could be shown that the process 
observed is an oxidation with oxidation 
products formed of the approximate 
composition TiOo.». The weight loss- 
time as well as the rate- -temperature 
relationship was linear, which occurs 
when oxygen (through ‘the liquid salt 
layer) and cracks in the Ti-O solid solu- 
tion coating have free access to the reac- 
tion surface. A steady breakdown of the 
TiO, solid solution from the surface of 
Ti was observed, explaining the high 
rate of oxidation or corrosion. Activation 
energies of the process were calculated 
and some conclusions will be drawn in 
the light of Eyring’s theory of rate 
processes. 


Abstract No. 189 
Cathode Potentials during the 
Electrodeposition of Molyb- 
denum Alloys from 
Aqueous Solutions 


D. W. Ernst and M. L. Holt, Dept. of 
Chemistry, University of Wisconsin, 
Madison 6, Wis. 


Cathode potential measurements were 
used in an attempt to explain cathode 
reactions that result in electrodeposition 
of Mo alloys. Potentials were obtained 
by the direct method during electrolysis 
of aqueous ammoniacal citrate solutions 
containing sodium molybdate, and the 
sulfate of the codepositing metal, Fe, Ni, 
or Co. Results indicate that reduction of 
molybdate ion in presence of a codeposit- 
ing metal is not accomplished in one step 
with 6 electrons, but with 1, 2, or 3 
electrons depending on the co-metal and 
its oxidation state. It was also concluded 
that hydrogen is involved in molybdate 
reduction. A two-step mechanism for 
reduction of molybdate ion in presence 
of a co-metal is proposed and an explana- 
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tion of why the co-metal must be Fe, Qo 
or Ni rather than such metals as Cr, Mn. 
Cu, or Zn is presented. 


Abstract No. 1% 
Electrodeposition of Iron- 
Molybdenum Alloys 


Albertine Krohn and L. O. Case, Univer. 
sity of Michigan Ann Arbor, Mich, 
and N. W. Hovey, University of 
Toledo, Toledo 6, Ohio 

Preliminary- experiments indicated 
that the best Fe-Mo alloy deposits were 
obtained from solutions containing 
sodium molybdate, ferric chloride, and 
sodium py rophosphate buffered with 
excess sodium bicarbonate. Efficiency 
was increased by rotating the cylindrical 

cathode between rubber wiper blades. A 

complete study of the variables showedit 

possible to electrodeposit Fe-Mo alloys 
which are bright and adherent in thick- 

nesses of a few hundredths of a milli- 

meter. No theoretical treatment is yet 

available to completely explain this type 
of codeposition. 


FALL MEETING 


at the 
STATLER HOTEL 


Buffalo, N. Y. 
October 6, 7, 8, 9, and 10, 1957 


Sessions will be scheduled on 

Batteries 

Corrosion 

Electrodeposition (symposium 
on ‘‘Metal Powders’’) 

Electrodeposition — Corrosion 
(Joint Symposium on “Cor- 
rosion of Electrodeposited 
Metals’’) 

Electronics—Semiconductors 

Electro-Organics 

Electrothermics and Metal- 
lurgy 

Abstracts for the Fall Meeting 
(not exceeding 75 words in 
length) must reach the Secre- 
tary’s Office, 216 West 102nd 
Street, New York 25, N. 
not later than June 1, 1957 
in order to be included in the 
program. 

Indicate on abstract for which Di- 
vision’s symposium the paper 
is to be scheduled. 
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Current Affairs 


DIVISION NEWS 


Electrodeposition Division 
Symposia 


The Electrodeposition Division is 
planning two symposia for the 1957 
Fall Meeting of the Society in Buffalo. 

Dr. Cloyd Snavely, Battelle Memorial 
Institute, Columbus, Ohio, is arranging 
for a series of papers on “Metal Pow- 
ders,” covering the production, use, 
and properties of electrolytic powders. 

“Corrosion of Electrodeposited Met- 
als” is being organized by Dr. F. A. 
Lowenheim, Metal & Thermit Corp., 
P. O. Box 471, Rahway, N. J., and Dr. 
Harry Copson, International Nickel Co., 
P. O. Box U, Bergen Point Station, 
Bayonne, N. J., as a joint symposium 
with the Corrosion Division. 

Authors who wish to present papers 
on either or both subjects are invited to 
contact the respective chairmen 
promptly. Abstracts (not exceeding 75 
words in length) must be submitted to 
the Society Headquarters Office not later 
than June 1, 1957. 


Electronics Division 


The Nominating Committee (C. W. 
Jerome, Chairman, F. J. Biondi, and 
H. C. Froelich) has selected the follow- 
ing nominees for officers during the 
1957-59 term (2 years). 

Chairman—H. Bandes, Sylvania Elec- 

tric Products Inc., Woburn, Mass. 

Vice-Chairman (Luminescence)—R. J. 
Ginther, Naval Research Lab., 
Washington, D. C. 

Vice-Chairman (General Electronics) — 
C. T. Lattimer, RCA Tube Div., 
Chemical & Physical Lab., Marion, 
Ind. 

Vice-Chairman (Semiconductors)—J. 
W. Faust, Jr., Westinghouse Re- 
search Labs., Pittsburgh, Pa. 

Secretary Treasurer—M. F. Quaely, 
Lamp Div., Research Dept., West- 
inghouse Electric Corp., Bloom- 
field, N. J. 

Although the term of office of the 
Secretary-Treasurer had one more year 
to run he has agreed to have his term 
end at the next business meeting of the 
Division, so as to permit the terms of 
all elective officers to begin and end 
together. 


Each nominee has given assurance of 
his willingness to serve if elected. 

The Bylaws of the Division provide 
that additional nominations may be 
made by petition signed by five members 
of the Division. Such petitions must be 
in the hands of the Chairman of the 
Nominating Committee before the 
election, and the nominees must have 
given assurance of their willingness to 
serve if elected. 

The election will be held at the busi- 
ness meeting of the Electronics Division 
during the Spring Meeting of the 
Society in Washington, D. C., May 
12-16, 1957. 

M. F. Quagty, Secretary-Treasurer 


Sem: nductor Mailing List 


The mailing list for the Semiconductor 
Symposia is being revised. Persons who 
are not already on the list but would 
like to be are requested to send their 
names and addresses to Dr. J. W. 
Faust, Jr., Westinghouse Research 
Labs., Beulah Rd., Churchill Boro., 
Pittsburgh 35, Pa. 


E & M Division 
Columbium Symposium 


The spotlight of technical inquiry is 
to be turned on columbium (niobium), 
a refractory metal of increasing eco- 
nomic importance, during the four 
sessions of a symposium arranged by 
the Electrothermics and Metallurgy 
Division for the Washington Spring 
Meeting of the Society. 

In former years an addition to stain- 
less steel and stainless welding rod, 


Notice to Members 


According to the Constitution 
of the Society, Article III, Sec- 
tion 9, “Any member delinquent 
in dues after April 1 of each year 
shall no longer receive the Soci- 
ety’s publication....” Such de- 
linquents will not receive the 
May issue of the JournaL. A 
reminder notice was mailed to 
delinquents about the middle of 
February and a final notice will 
be mailed about the middle of 
March. 
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columbium now has several new and E 
important applications. Among thee 
are its use in nuclear reactors as , 
material of construction, as a majo The 
constituent of new high-temperatun}] again 
alloys, and in fabrication of special} stracts 
corrosion-resistant equipment. 1957 ¢ 
covery of a number of substantial oe}} Washi 
bodies in recent years has assured an}} have | 
adequate future supply of this metal}} papers 
which, in nature, usually is found}] Electr 
keeping company with tantalum, a|| posia « 
metal it resembles greatly in chemical L 
properties. 
Papers describing the supply situ. I 
ation, extraction of the metal from its x 
ores, preparation in a state of high S 
purity, its mechanical, chemical, and The 
physical properties, and its alloys and|| tinent 
their characteristics are to be discussed.| | mente 
If sufficient interest develops, it is}} and \ 
probable that the proceedings of this}| before 
symposium will be published. worke 
Originally suggested as a symposium} will | 
subject by Dr. I. E. Campbell, Chief,}] lished 
Div. of Inorganic Chemistry and Th 
Chemical Engineering, Battelle Me-|] able | 
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SECTION NEWS Or 
Boston Section 
The fourth meeting of the Boston 
Section was held November 15, 1956 in 
the Graduate House and Main Building 
of Massachusetts Institute of Tech- 
nology. 
Having reported on the affairs of the || 
Society, President Hans Thurnauer,}} ®t 
Central Research Dept., Minnesota}} P0*! 
Mining & Manufacturing Co., presented and 
a paper on “The High Temperature} 
Materials Problem.” 
He stated that better weapons and well 
the development of more efficient for 
energy sources require the availability Me 
of materials which will withstand high}} © 
temperatures, the stresses of supersoni¢ obti 
flight, and are more abrasion resistant 
and oxidation resistant. 
The stability and strength of ceramic 
materials under high temperature com }|____ 
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jitions appears especially promising, if electronic components, made chiefly of | Washington-Baltimore Section 
es | their undesirable properties of brittle- ceramics, can operate satisfactorily At the November 1956 meeting the 
ness, poor ductility, and sensitivity to above 500°C. Such components are Section had the pleasure of having 
thermal shock can be circumvented. micro-miniature ceramic vacuum tubes, af Ma 
It has been demonstrated that certain hermetically sealed resistors, also capa- 
citors and transformers. Even motors th 
with ceramic insulation can operate at 
W and 500°C and higher. organization of the 
these Booklets Our help to under-developed countries 
Major The Electronics Division will economical atomic energy. Since pres- 
ratue}| again publish an “Enlarged Ab- Mr. Thurnauer described how a solar 
special stracts” booklet for the Spring neither cheap nor efficient, we may think 
Dis 1957 convention of the Society at ol lems in India. He said that the develop- 
ial oe || Washington. The booklet will ment of small reactors would be a 
red an} have 1000-word abstracts of the vided we can find suitable 
metal] ] papers to be presented before the pacer veloped areas of the world. To ac- 
found}} Electronics Division in its sym- The technical program of the Boston complish these goals a radiation-re- 
uml, 4 posia on Section meeting scheduled for March 21, 
emical Luminescence 1957 will offer ““New Sources of Electri- 
; Semiconductors cal Energy, I. The Bell Solar Battery.” 
situ. Instrumentation Cuartes Levy, Secretary Battery Life Symposium 
om its Thermionice Cathodes Papers 
Philadelphia Section The life of lead-acid batteries 
The abstracts will contain per- ok 
‘s and|| tinent information and _ experi- The January 10 meeting of the land Meetin 
used, mental data given in the papers, Philadelphia Section was held in Harri- " ae bs the Ainge 
it is}} and will provide these details son Lab., with Dr. Erik Blomgren as the ay 4 booklet “Life oer 
f this}} before publication, thus aiding speaker. He opened his talk with greet- of hateianiiiill Batteries pe an 
workers in the field. The abstracts ings from the electrochemists of Sweden, lated Subjects,” has Pisa aa 
osium|} will be “printed but not pub- where, he said, the Journat of The the 
Chief,| lished.” Electrochemical Society is well known al 
and The booklets should be avail- and respected. He then gave a brief ie 
Me-}} able by about April 15; the price history of electrochemistry in Sweden, which followed 
1 pro-}} will be $2.00. including some of the contributions from This 
npbell Copies of the 1956 ‘‘Enlarged the University of Uppsala, where he has i pores $2.00 to E. J. Ritchie 
a Abstracts” booklet of the San been doing research work for the past inn alter: Division, 
lel,}| Francisco Meeting are still avail- ten years. 
‘hemi-|} able at $2.00 per copy. In the technical portion of his talk, 
Checks should be made pay- Dr. Blomgren discussed the use of 
able to: Electronics Division, electronic instrumentation electro- of Battery Com- 
The Electrochemical Society. chemistry. The development of negative sa. at the End of Life Under 
Orders should be sent to: feedback circuits made possible the Yor toe ta Test” by B. Acruss 
—T Martin F. Quaely precise measurement and control of both “Effect of Nessa Car mics 
Westinghouse Electric voltage and current. They have been on tie Final 
/Orp. applied to many precise electronic in- . wad & ‘ 
Research Dept., Lamp Div. such continuous reading 
956 in Bloomfield, N. J. Performance by D. Haskell 
ilding “The Correlation of Laboratory 
Tech. a iG. titrating apparatus, and other more Life Tests with Automotive Serv- 
The Theoretical Electrochem- specialized techniques used in electro- Tests of Lead-Acid 
of the |} istry Division is making available chemical research. : ; by J. F. Schaefer 
rauer,|} @Xtended abstracts of the sym- The cathode ray oscillographic polaro- “The Effect of Temperature 
1esota || POSium sponsored by the Division graph can make a complete chemical on the Cycling Life of Lead-Acid 
ented || and the National Science Founda- analysis in less than 1 sec. Such an Storage Batteries” by J. F. 
‘ature || tion on the Structure of Electro- instrument was developed by Dr. Macholl and A. G. Koch 
lytie Solutions (Electrolytes), as Blomgren and is now being manu- “The Effect of Arsenic and 
s and|| Well as the two general symposia, factured in Sweden. The oscillograph Silver in Grid Alloy on Storage 
Fcient || for the Spring 1957 Washington has also greatly aided the study of Battery Life in Field Tests and 
bility || Meeting. overvoltage. Since activation, concen- Fleet Service” by Howard Stoertz 
| high Copies of the booklet can be tration, and ohmic overvoltage all have “Pulse Maintaining of Storage 
rsoni¢ || Obtained, at $3.00 each, from different rates of decay, a single cathode Batteries” by J. B. Godshalk 
istant Dr. Ralph Roberts ray oscillographic tracing of a decaying “Positive Post Corrosion in 
3308 Camalier Drive electrode potential can yield the magni- Lead-Acid Cells” by Otto H. 
ramic Washington 15, D. C. tude of each of these components. Bauer 
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can stand temperatures up to 1200°C. 
Ceramics may replace beryllium, ura- 
nium, and zirconium metals now used in 
reactors. Mr. Thurnauer also mentioned 
the use of diamond transistors at these 
high temperatures. 

At the December meeting of the 
Section, D. T. Ferrell, Jr., announced 
his resignation as Chairman because he 
is leaving Washington to accept a 
position with the American Machine 
and Foundry Co. in Raleigh, N. C. 
Jeanne Burbank will serve as Chairman 
for the remainder of the year. 

T. H. Orem, National Bureau of 
Standards, spoke on “Corrosion of 
Aluminum Single Crystals.” When 
monocrystalline aluminum is corroded 
by a 15% sodium hydroxide solution, 
the attack is fastest in a direction normal 
to the cubie planes and slowest in a 
direction normal to the octahedral 
planes. The reverse is true when the 
corrosive medium was aqua regia con- 
taining a small amount of HF. 

J. B. Romans, Naval Research Lab., 
spoke on “The Electrical Properties of 
Some Partially Fluorinated Esters” 
and “A New Dielectric Liquid for 
Impregnating Fixed Paper Capacitors.” 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


The electric moments of six partially 
fluorinated esters were reported. The 
materials studied were liquids at room 
temperature and were known to be 
chemically inert and thermally stable. 
All six esters were found to be highly 
polar compounds exhibiting marked 
tendencies to associate molecularly ; they 
possessed dipole moments of the order 
of 2.8 to 3.8 K 107 esu-cm. 

Fixed capacitors, using kraft paper as 
the solid dielectric and bis (1H ,1H ,7H- 
dodecafluoroheptyl) 3-methylglutarate 
(PFE-774) as the impregnant, have 
capacitance to volume ratios higher than 
similar capacitors impregnated with 
pentachlorodiphenyl. Furthermore, the 
change in capacitance with temperature 
is less than 4% within the range —55° 
to 85°C. Such capacitors have passed 
military specification MIL-C-25A for 
accelerated aging by withstanding 85°C 
and 130% rated voltage for 250 hr. 
Because the impregnant is unusually 
flame resistant, thermally stable, of low 
viscosity, and does not irritate the 
skin or eause rubber and plastics to 
swell and become tacky, this partially 
fluorinated ester is considered to be 
worthy of commercial development. 

GwWENDOLYN B. Woon, Secretary 


NEW MEMBERS 


In January 1957 the following were 
approved for membership in The 
Electrochemical Society by the Ad- 
missions Committee: 


Active Members Sponsored by a 
Patron or Sustaining Member 


Wituiam H. Arvor, Jr., Reynolds 
Metals Co., Richmond 19, Va. 
(Corrosion) 


FRANK CuRENcIK, Diamond Alkali Co., 
300 Union Commerce Bldg., Cleve- 
land 14, Ohio (Industrial Electrolytic) 

Tuomas W. Crapper, American Potash 
& Chemical Corp., Box 55, Hender- 
son, Nev. (Battery) 

Netson J. Enters, Columbia Southern 
Chemical Corp., No. 1 Gateway, 
Pittsburgh 22, Pa. (Industrial Elee- 
trolytic) 

Erwin C. HANDWERK, American Metal 
Co., Ltd., 61 Broadway, New York 6, 
N. Y. (Electrothermics & Metallurgy) 

Rosert W. Krarr, Aluminum Co. of 
Canada, Ltd., P. O. Box 375, Kitimat, 
B. C., Canada (Industrial Electro- 
lytic) 

Georce W. Warp, Research Dept., 
Bethlehem Steel Corp., Bethlehem, 
Pa. (Electrodeposition) 


8 


Georce M. Youne, Aluminum Co. of 
Canada, Ltd., 1700 Sun Life Bldg., 
Montreal 2 Que., Canada (Electro- 
thermics & Metallurgy) 


Active Members 


Rocer G. Bares, National Bureau of 
Standards, Washington 25, D. C. 
(Theoretical Electrochemistry) 

Husert F. Bauman, Armour Research 
Foundation, Technology Center, 
Chicago 16, Ill. (Battery) 

Vincent E. Bower, National Bureau of 
Standards, Washington 25, D. C. 
(Theoretical Electrochemistry) 

Martin 8. Frant, AMP Incorporated, 
Eisenhower Blvd., Harrisburg, Pa. 
(Corrosion) 

Harry GILMAN, General Aniline Works; 
Mail add: 17 Post Lane, Levittown, 
Pa. (Corrosion) 

Tueo Heumann, Institut fur Phy- 


By action of the Board of Direc- 
tors of the Society commencing Janu- 
ary 1, 1956, all prospective members 
must include first year’s dues with their 
applications for membership. 

. Also, please note that, if sponsors 
sign the application form itself process- 
ing can be expedited considerably. 


March, 195; 
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Munster; Mail add: Schloss 
Munster, i.W., Germany (Corrosion, 
Theoretical Electrochemistry) Jack M. N 

AupHonse M. Heuntncxx, Goul 
National Batteries, Inc., 35 Neog Canada 
St., Depew, N. Y. (Battery, Electro.) 
deposition, Theoretical Electrochem. WILLIAM 
istry) Californ 

Wituiam E. Dept. #433 Dr., Los 
General Electric Co., Nela Park Theoret 
Cleveland 12, Ohio (Electronics) 

HerMAN A. JOHANSEN, Westinghouse ; 
Research Labs., Pittsburgh 35, Pa, 
(Electrothermics & Metallurgy) RICHARD 

Josuyo Krnosuita, Kaiser Aluminum Nations 
Chemical Corp.; Mail add: 1163} Ridge, 
Cherry, San Jose, Calif. (Electro. 
thermics & Metallurgy, Industrial 
Electrolytic) 

Epwarp M. Ktopp, General Dry EDWARD 
Batteries; Mail add: “Ty-Llawydd,"| Eleetri 
R.D. 2, Medina, Ohio 131 St. 

Ertcu Lavoe, Institut fur Physi | Frank W 
kalische Chemie der Universitat} Mail 
Erlangen, Schuhstrasse 19, Fernry{| Wollas 
3061, Germany (Theoretical Electro-| Eleetre 
chemistry) WILLIAM 

B. Masson, General Motors of | Carbon 
Canada, Oshawa, Ont., Canada wood 

Rosert 8. I. McLaren, Shawinigan (Elect: 
Chemicals Ltd., Shawinigan Falls} dustris 
Que., Canada (Electrothermics &| Electr 
Metallurgy) 

Witarp R. Scort, Jr., Crest Research De 
Labs., Inc.; Mail add: 1421 West 9 
St., Santa Ana, Calif. (Corrosion) | CHaRLE 

THEODORE Rockefeller} 


Institute for Medical Research, York 
Ave. & 66 St., New York 21, N. Y. 
(Theoretical Electrochemistry) 
Artuur R. Stoman, Associated Pulp & 
Paper Mills Ltd., P. O. Box 21, 
Burnie, Tasmania, Australia  (In- 
dustrial Electrolytic) 
Joun R. Smitru, Weirton Steel Co., 
Quality Control Bldg., Weirton, W. | 
Va. (Corrosion, Electrodeposition) 
Frep Stevens, Lancy Lab.; Mail add: 
Mounted Route 7, Ellwood City, Pa. 
(Electrodeposition) 
Lewis F. Urry, National Carbon 
Research Lab.; Mail add: S91 
Stumph Rd., Parma, Ohio (Battery) 
Ernest W. Yim, Kaiser Aluminum & 
Chemical Corp.; Mail add: 74 
Camphor Way, Palo Alto, Calif. 
(Industrial Electrolytic, Theoretical 
Electrochemistry) 


Associate Member 


JeanNE R. General Dry 
Batteries; Mail add: 13355 Carring- 
ton Ave., Cleveland 11, Ohio (Battery, 
Corrosion) 
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Reinstatements to Active 
Membership 


Jack M. Noy, Quebec Iron & Titanium 
Corp., P. O. Box 40, Sorel, Que., 
Canada (Electrothermics & Metal- 
lurgy) 

F. Sever, University of 
California; Mail add: 474 Halvern 
Dr., Los Angeles 49, Calif. (Corrosion, 
Theoretical Electrochemistry) 


Transfer from Student Associate to 
Active Membership 


A. Srrentow, Oak Ridge 
National Lab., Y-12 Plant, Oak 
Ridge, Tenn. (Electro-Organic) 


Transfers from Associate to Active 
Membership 


Epwarp A. Kure, Automotive Div., 
Electric Storage Battery Co., 246 E. 
131 St. (Box 6266), Cleveland 1, Ohio 

Frank W. Martin, Raytheon Mfg. Co.; 
Mail add: 30 So. Central Ave., 
Wollaston, Mass. (Electrodeposition, 
Electronics) 

Wuiam N. Repanz, Union Carbide & 
Carbon Corp.; Mail add: 1319 Lin- 
wood Ave., Niagara Falls, N. Y. 
(Electrothermies & Metallurgy, In- 
dustrial Electrolytic, Theoretical 
Electrochemistry) 


Deceased Reported during 
December 1956 


F. Ramseyer, New York, 
N. Y. 


PERSONALS 


Tuomas D. Parks has been elected 
Vice-President—Research of Clorox 
Chemical Co., Oakland, Calif. Prior to 
joining the organization as Director of 
Research in 1955, Dr. Parks was Chair- 
man of the Dept. of Chemistry and 
Assistant Director of the Physical 
Seiences Div. of Stanford Research 
Institute. 


H. 8S. Newnau has been named to 
the post of Chief Development Engineer 
in the Engineering and Construction 
Dept. of Electro Metallurgical Co., A 
Div. of Union Carbide and Carbon 
Corp., in Niagara Falls, N. Y. Mr. 
Newhall will be responsible for the 
supervision of the development and 
service engineering of the department. 


Pau. H. Keck has been appointed 
Manager of the solid state physics 
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branch of the Research Labs. of Syl- 
vania Electric Products Inc., Bayside, 
N. Y. He is assuming responsibility 
for research in semiconductors, lumi- 
nescence, and other solid state materials 
and devices. Previously he was Deputy 
Chief of the Chemical Physics Branch, 
Army Signal Corps Engineering Labs., 
Fort Monmouth, N. J. 


Wituiam J. RosENBLoom has been 
appointed Director of Engineering for 
the Chemical Construction Corp., 
New York City, a subsidiary of Electric 
Bond and Share Co. He developed the 
electrolytic hydrogen cell and the at- 
mospheric ammonium suifate process 
used in many of the plants designed and 
engineered by Chemico. 


T. D. Caturan has left the Naval 
Research Lab., Washington, D. C., to 
accept a position with I.B.M. at Pough- 
keepsie, N. Y. 


D. T. Ferrey, Jr., has joined the 
American Machine and Foundry Co., 
Raleigh, N. C. Formerly he had been 
with the Naval Ordnance Lab. in 
Washington, D. C. 


Wivsert A. TakBEL has been ap- 
pointed Engineering Manager of the 
lamp parts department of the Westing- 
house Lamp Div., Bloomfield, N. J. 
In his new position he will be respon- 
sible for engineering and development 
work on lamp parts including lamp 
bases, tungsten and molybdenum in- 
cluding powder, wire, sheet, and rod, 
chemicals, phosphor, glass tubing, 
nickel iron wire, and argon gas. 


ERWIN F. LOWRY 


Dr. Erwin F. Lowry, one of the 
nation’s leading authorities on lighting 
and manager of the research engineering 
laboratories of the Lighting Div. of 
Sylvania Electric Products Inc. at 
Salem, Mass., died suddenly at his home 
on January 2. He was 65 years old. 

He was born in Ridgeway, Mich., on 
January 22, 1891. He studied at Ohio 
Wesleyan University, receiving his A.B. 
degree in 1914 and his A.M. two years 
later. In 1923 he received his Ph.D. in 
physics from Ohio State University. 
From 1914 to 1925 he taught physies at 
Ohio Wesleyan, the University of 
Pittsburgh, and OhioState, respectively. 

Before joining Sylvania Dr. Lowry 
had been director of research at Flexolite 
Co. and Continental Electric Co. and 
from 1925 to 1938 was a research 
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engineer with Westinghouse Electric 
Corp. 

He joined Sylvania in 1940 as a senior 
engineer in the fluorescent engineering 
department of the company’s Boston 
St., Salem, lighting facility. Progressing 
through engineering and management 
posts he became manager of fluorescent 
engineering three years later, and 
manager of the research laboratories 
in 1949. 

Long a leader in lighting research Dr. 
Lowry in 1954 was awarded the highest 
honor in the field of illumination, the 
Gold Medal of the Illuminating Engi- 
neering Society. He was the first physi- 
cist engaged in light source research 
chosen to receive the medal. He had 
pioneered in three phases of lighting— 
cathode research, fluorescent lighting, 
and the new light source, electrolumi- 
nescence. 

He had 30 patents to his credit, 
almost all related to gaseous discharge 
devices, especially cathodes. Several 
others still are pending on fluorescent 
lamps and in electroluminescence. 

Dr. Lowry was a past chairman of the 
Luminescence Group of the Electronics 
Division of The Electrochemical Society. 
He was also a Fellow of the Illuminating 
Engineering Society, and a member of 
the American Physical Society, the 
American Institute of Electrical Engi- 
neers, the U.S. National Commission on 
Illumination, the Societe Francaise de 
Ingenieurs Techniciens du Vide, and 
other scientific societies. 

He is survived by his wife, Emily; a 
daughter, Mrs. Barbara Louise Johns of 
California; and two brothers, Earl M. 
of Rochester, N. Y., and Raymond F. 
of Michigan. 


NEWS ITEMS 


New Sustaining Member 


The Chemical Research Dept., Kaiser 
Aluminum & Chemical Corp., Per- 
manente, Calif., recently became a 
Sustaining Member of The Electro- 
chemical Society. 


Dielectrics Section Established 
at N.B.S. 


The Dielectrics Section, a new unit for 
fundamental investigations of the di- 
electric properties of matter, has been 
established at the National Bureau of 
Standards. Part of the Electricity and 
Electronics Div., the new section will be 
headed by Dr. John D. Hoffman. A 
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How the scientific world 


shares in fruits of the telephone art 


In their work to improve telephony the scientists and 
engineers of Bell Telephone Laboratories make important 
findings in many sciences. They thoroughly report these 
findings in professional journals and magazines. But some- 
times, as knowledge accumulates in a vital field, a “treat- 
ment in depth” is prepared in book form. 


Bell Laboratories authors have written 36 books to date 
and others are in preparation. Many have become classics 
in the Laboratories’ primary field of communications. Many 
have become standard works of wide application because 
they provide a fundamental guide for technologies in other 
fields. For example, the design of automatic switching 
systems is of primary importance in computers; statistical 
quality control provides the indispensable basis for eco- 
nomical manufacture. Through their books these scien- 
tists and engineers and the Laboratories attempt to repay 
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benefits they receive from the published works of others. 


The pictures on the opposite page show some Bell 
Laboratories authors of technical books. A complete list- 
ing of titles may be obtained by sending in this coupon. 


1 Publication Department, Dept. 23 

BELL TELEPHONE LABORATORIES 
| 463 West Street, New York 14, N. Y. ; 
Gentlemen: 
l Please send me a listing of titles, authors and publishers | 
, of books written by Bell Telephone Laboratories authors. ; 
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_,.the authors 


McGraw-Hill. 


semiconductors, ferromagnetism. 


thers, 
Bell 
e list- 
| Richard M. Bozorth, W. Thornton Read, 
a Ph.D., California Inst. | M.S., Brown University, 
; | of Tech., author of author of “Dislocations 
| | “ferromagnetism.” in Crystals.” 
rs 1 
~ 
Hendrik W. Bode, Walter A. Shewhart, 
Ph.D., Columbia Ph.D., University of 
iES University, author of California, author of 
ment | Network Analysis and “Economic Control of 
Feedback Amplifier Quality of Manufactured 
Design.” Product.” 


Most of the books written by Labora- 
tories authors are published by D. Van 
Nostrand Company. Other publishers 
include John Wiley & Sons and 
Subjects include 
speech and hearing, mathematics, 
transmission and switching circuits, 
networks and wave filters, quality 
control, transducers, servomecha- 
nisms,quartzcrystals, capacitors, visible 
speech, earth conduction, radar, elec- 
tron beams, microwaves, waveguides, 
antennas, traveling-wave tubes, 


Harold S. Black, B.S. John R. Pierce, Ph.D., 

in £.E., Worcester California Inst. of Tech., 
Polytechnic Inst., author of “Traveling- 
author of “Modulation © Wave Tubes.” 
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member of the American Physical 
Society, American Chemical Society, 
Washington Academy of Sciences, and 
Sigma Xi, Dr. Hoffman has written a 
number of papers in his field and is the 
holder of a patent for a process of 
recovering alumina from clay. 

The primary purpose of the new 
section will be to augment the present 
knowledge in the field of dielectrics by 
conducting experimental and theoretical 
studies on substances which 
electrical insulators. 


act as 


Union Carbide Research 
Institute Formed 


The formation of the Union Carbide 
Research Institute to engage in basic 
scientific research has been announced 
by Morse G. Dial, President of Union 
Carbide and Carbon Corp. It will be 
located on the corporation’s West- 
chester property near Tarrytown, N. Y. 

The Institute will be under the ad- 
ministration of Dr. Augustus Kinzel, 
Vice-President—Research of Union Car- 
bide. Dr. E. R. Jette, formerly head of 
the Chemistry and Metallurgy Div. at 
Los Alamos Scientific Lab., New Mexico, 
has been appointed the Director of the 
Institute. His assistants are: Dr. 8. R. 
Aspinall, formerly with the U. 8S. Office 
of Naval Research, and Dr. A. J. 
Stosick, formerly Division Chief of the 
Rockets and Material Div. of the Jet 
Propulsion Labs. at the California 
Institute of Technology. 

A major purpose of the new Research 
Institute will be to contribute to the 
store of fundamental knowledge by 
studying the physical and chemical 
behavior of matter under ordinary as 
well as extreme conditions of pressure 
and temperature. This work at the 
Institute will complement and extend 
the basic research now being carried on 
in the existing research laboratories of 
Union Carbide and Carbon Corp. 


Enrico Fermi Professorship to 
be Established at University 
of Chicago 


Plans to endow an Enrico Fermi 
Distinguished Service Professorship at 
the University of Chicago in memory 
of the world-renowned nuclear physicist 
were announced recently by Dr. M. J. 
Kelly, President of Bell Telephone 
Labs. 

Dr. Kelly will serve as Chairman of a 
national committee to establish the 
Professorship. 

The Professorship, to be established 
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at the University’s Institute of Nuclear 
Studies, is designed to perpetuate and 
memorialize Dr. Fermi’s scientific con- 
tributions. He was both teaching and 
conducting research at the Institute at 
the time of his death in 1954. 

Serving with Dr. Kelly will be Walker 
L. Cisler, President of Detroit Edison 
Co.; Dr. Crawford H. Greenewalt, 
President, E. I. du Pont de Nemours 
and Co.; and Admiral Lewis Strauss, 
Chairman of the United States Atomic 
Energy Commission. 

Honorary members are The Honor- 
able Clare Boothe Luce, former Ameri- 
can Ambassador to Italy, and His 
Excellency Dr. Manlio Brosio, Italian 
Ambassador to the United States. In 
addition, an extensive Advisory Sub- 
Committee will be formed. 


Porosity Detection in 
Plated Coatings 


Recently, the National Bureau of 
Standards has developed a nondestrue- 
tive procedure for ascertaining both the 
size and position of pores in electro- 
deposited coatings.' The method in- 
volves photographing an electroplated 
specimen exposed to radiation. 

The present work was carried out for 
the American Electroplaters’ Society by 
F. Ogburn of the Bureau staff and 
Margaret Hilkert of the Society’s re- 
search fellowship at the Bureau. 

In determining the location and size 
of pores, the specimen, a flat sheet of 
plated metal a few thousandths of an 
inch thick, is placed on a photographic 
film with the coating against the film 
emulsion. The assembly is held in a 
cardboard cassette, and the basis-metal 
side of the specimen is exposed to x-rays 
or radiation from a radioactive material. 
To insure good contrast, the x-radiation 
used must be soft. This requirement of 
low-energy x-rays limits the thickness of 
the basis material to several thousandths 
of an inch, since thicker metal absorbs 
too much of the x-ray beam and requires 
too long an exposure time. Radioactive 
iron, nickel, or cobalt held against the 
plated specimen in a cassette are also 
adequate sources of radiation. 

After a suitable exposure time the 
film is removed and developed, satis- 
factory radiographs result from a 3- 
or 4-min exposure to an x-ray machine, 
and from a 24-hr exposure to lye of 
radioactivity. Wherever a pore existed 
in the coating, a black spot appears on 
the developed film. A fine-grain in- 


1F, OapurRN AND M. HILKert, Ann. 
Proc. Tech. Sessions Am. Electroplaters’ 
Soc., p. 256 (1956). 
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dustrial x-ray film gives the most read- 
able radiograph. 

This radiographic method detects 
pits, voids, and inclusions in the coating 
to the order of 0.001 in. in diameter. 
Discontinuities in the basis metal may 
also be determined by radiographing 
the metal before plating. 


BOOK REVIEWS 


ELECTROCHEMICAL AFFINITY. STUDIES 
IN THERMODY- 
NAMICS AND Kinetics by Pierre 
Van Rysselberghe. Published by 
Hermann & Cie., Paris, 1955. 109 
pages. Price, 1250 F.F. 

This monograph is an abridgement of 
the 1936 “Affinity” by De Donder and 
Van Rysselberghe, but now, as its title 
indicates, it is devoted to Electro- 
chemistry. 

It has been written because, ‘The 
majority of textbooks and treatises of 
Physical Chemistry and Electrochem- 
istry are incomplete, oversimplified and 
often strangely silent concerning some 
of the most fundamental points of the 
subject”’; further, “a rational treatment 
requires the use of the thermodynamics 
of irreversible processes. The few presen- 
tations from this point of view [Prigo- 
gine (1947), de Groot (1951)] are still 
fragmentary and some of them suffer 
perhaps from the defects of being too 
formal and of not providing the practical 
electrochemist with a sufficiently clear 
link with what he observesand measures. 
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Remarks and criticisms of electro- 
chemists are invited so that they may 
contribute toward the establishment of 
a more definitive treatment.” 

With this ambitious introduction the 
author proceeds to give a detailed ex- 
position of electrochemical processes 
and definitions. The affinity of a process 
is measured by the maximum useful 
work the process can perform. It 
amounts to the decrease in the Helm- 
holtz or Gibbs’ Free Energy functions, 
depending upon whether or not volume 
or pressure is held constant under the 
important restriction of constant tem- 
perature. 

By introducing the concept of the 
degree of advancement of a reaction, De 
Donder and Van Rysselberghe empha- 
sized that these functions may then be 
considered as valid and existing at any 
instantaneous stage in the progress of 
the reaction. This treatment is an 
advance over that of Gibbs, who con- 
sidered only the initial and final states 
and not the suecession of quasi-equilib- 
rium states of the process. Van Ryssel- 
berghe has also pointed out that this 
concept leads to a clearer understanding 
of the meaning of the operation desig- 
nated by A in the Lewis and Randall 
system. Modern Thermodynamics is 
indebted to these authors for these 
clarifications. 

However, once the physical meaning 
of A has been clarified, it hardly seems 
necessary to continually burden the 
presentation with the 
mathematical notations 
development involves. 


complicated 
which this 


1956 Directory 


The 1956 Directory of Members of 
the Electrochemical Society is now 
available. The Directory contains an 
alphabetical and geographical list of 
members of the Society as of March 1, 
1956, and a list of Patron and Sustaining 


Members, Past Presidents, and winners 
of Society prizes and awards. 

Members who wish to receive the Di- 
rectory are requested to fill in and re- 
turn the order form below, accompanied 
by check, to Society Headquarters, 216 
West 102 St., New York 25, N. Y 


Please send 


Name 


copy (ies) of the 1956 Membership Directory to: 


Company 


Street 


City 


Zone 


State 


Attached is check for $ 
$2.00.) 


for Directory. (Single copies cost 
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The present reviewer believes that 4jthough 
is this involved mathematical charaetg! marily t 
of the writings of the Belgian Schog which case | 
which has prevented an earlier and gj the sim 
more general acceptance of the gogj tionality 
points of their system. Although th 
present monograph exhibits some jp. 
provement of presentation, nevertheleg 
mathematical prolixity still persists jaf gith rever 
the all too frequent repetition and} jie cells a 
display of equations which differ on} wlely fron 


attempt 
mal process 
pp. 99-105 


in the obvious sign of an inequality ef jm inter 
an equality. It is not | 
The author recognizes that the} 5-76) tha 


“uncompensated heat” of Clausius and} the elec 
the corresponding time derivative which} sion anc 
was introduced in the monograph of} the devel 
1936, as the term “power of irreyersi-| cent vin 
bility,” constitutes perhaps an. op applic: 
fortunate terminology which has not 
been clearly understood. Parts I 

“Subsequently, Prigogine (1947) em-| taneous h 
phasized the importance of the concept] olectrode 
of entropy production and showed that| fore Ta 
this more suggestive and  conerete| potential 
concept replaces the uncompensated) duced. G 
heat in the second law and its various} (psager 
consequences.”” Entropy production is} which ar 
accordingly employed in the present progress 
monograph as an additional means ol} the field 
expressing the dissipation of energy in} gudy of 
irreversible processes. This reviewer} able for 
would suggest that readers of this} pyjewer 
monograph might perhaps understand| compare 
better the author’s meaning and be} devoted 
more receptive to the consequences if} noted al 
he did not leave them with the im- 
pression that “entropy production” asa 
means of elucidating the gist of the} The ; 
second law has been the exclusive} gryjce 
development of the Belgian School.| cause a 
Entropy production is an improvement} from re 
in presentation that should be credited} own th 
to many authors prior to 1947, beginning 
with R. C. Tolman (1922); Tolman and} , 
Fine (1948); P. S. Epstein, ‘“Thermo- 
dynamics” (1937); J. N. Bronsted 
(1936-46), see Phil. Mag. (1940) and 
Roy. Dan. Acad. (1941); C. Eckart 
(1940); and others. 

The real reason that entropy pro- 
duction, 6 S’’, is preferable to the un- p 
compensated heat of Clausius, 6 Q” = Oct 
T 6S”, is not, as the author says, that on 
the concept of entropy is “‘more con- Ele 
crete” than that of “heat,’’ but rather 4 


are intere: 


remains 
irreversi 


-that entropy is the simpler of the two Soc 


concepts. 6 Q”’ is the product of 6 8”, wh: 
an extensive quantity, and the final Ed 
temperature T, an intensive property, of 
the reservoir to which all of the entropy 
production at the varying temperatures 
involved in the complex process of heat Se 
conduction, is ultimately transferred 
and collected in a nonisotherma! process. 


‘ 
—— 
A < - 


h, 195) 


that 


aractey 


Schoo 
and 
good 
gh the 
me jm. 
theless: 
sists jp 
and 
er Only 
ality o 


it the 
ius and 
whieh 
aph of 
nh 
as not 


7) em. 
oncept 
d that 
micrete 
nsated 
various 
tion is 
resent 
ans of 
rgy in 
viewer 
f this 
rstand 
nd be 
ces if 
im- 
as a 
f the 
lusive 
chool. 
ement 
edited 
inning 
n and 
ermo- 
insted 
) and 
ckart 


pro- 
e un- 
2 
, that 
con- 
ather 
> two 
8", 
final 
ty, of 
tropy 
tures 
“heat 
erred 


Vol. 104, No. 3 


Although this monograph is restricted 

primarily to isothermal processes, in 
which case heat and entropy differ only 
py the simple constant factor of pro- 
yortionality, T, the last chapters 
attempt a treatment of the nonisother- 
mal processes occurring in thermal cells 
pp. 99-109). Part I (pp. 15-44) deals 
with reversible galvanic and _ electro- 
istic cells and with irreversibility arising 
wlely from the creation of Joule heat 
fom internal and external resistances. 
It is not until we reach Part II (pp. 
45-76) that we encounter irreversibility 
at the electrodes as exhibited by polari- 
ation and overpotentials that require 
the development of equations of more 
recent vintage. The closing paragraphs 
on applications to corrosion problems 
gre interesting. 

Parts III and IV deal with simul- 
taneous half cell reactions at the same 
electrode and their chemical kinetics. 
Here Tafel’s relation between over- 
potential and current density is intro- 
duced. Good use is then made of the 
Onsager reciprocity relations (1931) 
which are responsible for most of the 
progress that has been made recently in 
the field of irreversible processes. A 
study of this chapter should be profit- 
able for any electrochemist, but the 
reviewer advises the reader to study and 
compare with De Groot. Part V is 
devoted to nonisothermal processes as 
noted above. It is obvious that much 
remains to be done in this field of 
irreversible processes. 

The author has performed a useful 
service in writing this monograph be- 
cause all electrochemists should profit 
from reading it, if only to clarify their 
own thoughts by seeing familiar equa- 
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tions developed along somewhat differ- 
ent paths. The focusing of attention 
upon the irreversible character of most 
electrochemical processes is commend- 
able, even if the treatment is incomplete. 

Vicror K. La Mer 


TRANSPORT AND ACCUMULATION IN 
BIoLoGicaL Systems by E. J. Harris. 
Published by Academic Press Inc., 
New York, 1956. ix + 291 pages, 
7.80. 

Although quite incidental to Dr. 
Harris’ main theme, his book will be a 
revelation to those that may yet picture 
biologists as people who, armed with 
collecting nets, stalk flitting butterflies 
in a sun-drenched meadow. For the 
author beautifully exemplifies in this 
monograph the great difference in, as 
well as the fruitfulness of, the approach 
to the solution of certain problems of 
life when based on physics and physical 
chemistry. The problem of interest here 
is permeability: “the rate, and mecha- 
nism, of passage of chemical substances 
through any boundary, be it cell wall or 
sheet of cells.”” And this is presented in a 
text that fairly bristles with rigorous 
and elegant applications of theories of 
thermodynamics, diffusion, and electro- 
chemistry, and their special mathe- 
matical elaborations, that are essential 
to the proper exposition of the subject. 
Though very involved in the theoretical 
aspects, the author also gives thorough 
attention to the purely experimental 
work of his field, which is based on a 
wide variety of techniques, ranging from 
the relatively simple methods for 
determining osmotic pressure, to the use 
of radioactivity for the measure of the 
flux of tagged substances across mem- 
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branes (much used by the author him- 
self in numerous research articles). 

The text critically discusses all the 
important most recent work dealing 
with the transport of both ions and 
nonelectrolytes across membranes of 


‘many different types such as found in 


yeast and egg cells, mitochondria, 
gastric and kidney mucosa, and muscle 
and nerve fibers in a state of excitation 
as well as at rest. The reader will be 
impressed by the fact that there are so 
many evidently qualitatively different 
permeability mechanisms, some _ of 
them cell-specific. Dr. Harris, however, 
always stresses fundamentals insofar as 
present evidence permits. Very im- 
pressive is the meticulous analysis of 
the theory of all the possible electro- 
chemical mechanisms of the electrolytic 
heterogeneous systems that serve as 
models of the complex processes in- 
volved in the transport of ions across 
biologicalmembranes. Detailedevidence, 
however, is discussed which proves in 
certain cases, e.g., the transport of Nat 
in many cells, that movement of sub- 
stances can take place in a direction 
against their electrochemical gradients, 
and that therefore there must be a 
dependence on metabolically released 
energy to drive such uphill processes. 
Though ignorance prevails regarding 
actual mechanisms of such activity, 
Dr. Harris’ perspicacious analyses of 
cases of this sort define the nature of 
our ignorance and highlight the need 
for further research on the coupling of 
energy released in an exergonic chemical 
reaction with the transport of a particle. 
Advances in the solution of this general 
problem will be of fundamental im- 
portance in biology and they will also 


MANUSCRIPTS AND ABSTRACTS 
FOR FALL MEETING 


Papers are now being solicited for the Fall Meeting of the Society, to be held at the Statler Hotel in Buffalo, N. Y., 
October 6, 7, 8, 9, and 10, 1957. Technical Sessions will be scheduled on Batteries, Corrosion, Electrodeposition (symposium 
on “Metal Powders’’), Electrodeposition—Corrosion (Joint Symposium on “Corrosion of Electrodeposited Metals”), 
Electronics (Semiconductors), Electro-Organics, and Electrothermics and Metallurgy. 

To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must be received at 
Society Headquarters, 216 West 102nd St., New York 25, N. Y., not later than June 1, 1957. Please indicate on abstract for 
which Division’s symposium the paper is to be scheduled. Complete manuscripts should be sent in triplicate to the Managing 
Editor of the JouRNAL at the same address. 


* * * 


The Spring 1958 Meeting will be held in New York City, April 27, 28, 29, 30, and May 1, 1958, at the Statler Hotel. 
Sessions will be announced in a later issue. 
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provide new mechanisms of great 
interest to basic electrochemistry. 
ALEXANDER SANDOW 


ANNOUNCEMENTS 
FROM PUBLISHERS 


SPECTROGRAPHIC METHODS FOR AN- 
ALYZING Zirconium Hypripe, Zi1r- 
contumM Merat, ZirconruM-NICKEL 
8. Weisberger, Samuel Felt- 
man Ammunition Labs., for Army 
Ordnance Corps, July 1955. Report 
PB 111842,* 26 pages, 75 cents. 


EvaLuATION oF THIN [Ron FILMs As 
SeNsITIVE Corrosion INDICATORS, 
D. Roller, Wright Air Development 
Center, June 1956. Report PB 
121536,* 38 pages, $1.00. 


DEVELOPMENT OF A Case LINER FOR 
Lone-TerRM Ovutrpoor SroraGe, C. E. 
Hrubesky, R. A. Aubey, and A. 
Hyttinen, Forest Products Lab., 
U. 8. Dept. of Agriculture, for U. 8. 
Army Ordnance Corps, May 1955. 
Report PB 111916,* 33 pages, $1.00. 


Tue DevVELOPMENT OF A PROTECTIVE 
CoatinG Resistant To Nitric 
AND Hyprocarpons, D. F. Siddall, 
E. Hillier, R. Garling, and M. Gun- 
ther, the United States Stoneware 
Co., for Wright Air Development 
Center, June 1956. Report PB 
1212178,* 116 pages, $3.00. 


U.S. GovernMENT Researcu Reports; 
TecunicaL Reports NEWSLETTER. 
To keep science and industry advised 

of new material released through OTS, 

the office issues news releases to the 
trade, business, and technical press, 
and publishes two monthly periodicals. 

U. S. Government Research Reports, a 


*Order from Office of Technical Ser- 
vices, U. 8. Dept. of Commerce, Wash- 
ington 25, D. C. 


bibliography, describes 300 to 600 new 
reports in each issue. Technical Reports 
Newsletter reviews 15 to 20 of the most 
widely useable reports collected by OTS 
each month. These publications may 
be ordered from Superintendent of 
Documents, U. 8. Government Printing 
Office, Washington 25, D. C., at $6.00 
a year for the USGRR and $1.00 a 
year for Technical Reports Newsletter. 


TABLEs oF CHEMICAL KinetIcs, Homo- 
GENEOoUS Reactions, National Bu- 
reau of Standards Circular 510, 
Supplement 1, issued Nov. 14, 1956. 
472 pages, $3.25. (Order from the 
Superintendent of Documents, U. 8. 
Government Printing Office, Wash- 
ington 25, D. C.) 


TNIONIZATION AMONG AMERICAN ENGI- 
NEERS, 72-page report released by the 
National Industrial Conference Board, 
Inc., 460 Park Ave., New York, N. Y. 
This report gives details of a study of 

the extent and reasons for unionization 
among the nation’s 500,000 engineers. 


EMPLOY MENT 
SITUATIONS 


Please address replies to box shown, 
c/o The Electrochemical Society, Inc., 
216 W. 102nd St., New York 25, N. Y. 


Positions Available 


Company engaged in 
extractive and pyrometallurgy requires 
a man for production and development, 
preferably with experience in one or 
more of the following: smelting and 
refining, steelmaking, or electric furnace 
operation. Excellent opportunities for 
qualified man. All replies strictly 
confidential. Submit detailed resume, 
including educational and employment 
backgrounds, as well as salary: re- 
quirements, to Box A-269. 


ELEcTRONIC ScIENTISTS, METALLUR- 


March, 


ADVERTISERS’ INDEX 


Baker & Adamson Products, 
General Chemical Division, 
Allied Chemical & Dye 
Corporation 

Bell Telephone Laboratories, 


Enthone, Incorporated... Coyer4 
Great Lakes Carbon Corpora- 


E. H. Sargent & Company.... 52 


cists, Puysicists, TECHNOLOGISTS, AND 
Eneineers (Aeronautical, Electrical 
Electronic, Industrial, General, Me 
chanical, and Power Plant). The Naval 
Air Material Center, Philadelphia 12 
Pa., has an urgent need for qualified 
engineering and scientific personnel to 
fill vacancies in the above positions. The 
Center is currently engaged in an exten 
sive program of aeronautical researeh, 
development, experimentation, and test 
operations for the advancement @ 
Naval aviation. Starting salaries range 
from $4480 to $7570 per annum. Apple 
cation for Federal Employment, Stand 
ard Form 57, should be filed with the 
Industrial Relations Dept., Naval Ait 
Material Center, Naval Base, Phil 
delphia 12, Pa. Applications may he 
obtained from the above address or it- 
formation as to where they are available 
may be obtained from any first second or 
class post office. 


Position Wanted 

Barrery ENGINEER, 37-17 years’ & 
perience in lead acid batteries. Capable 
of setting up and operating battery 
testing laboratory for production, te 
search, and military test programs. Ex 
perienced in all types of Government 
and special purpose batteries, including 
aircraft. Knowledge of latest production 
methods of dry charging, formation, and 
oxide manufacture, mixing, and pasting. 
Complete resume will be supplied on 
request. Reply to Box 360. 


JUNE 1957 DISCUSSION SECTION 


A Discussion Section, covering papers published in the July-December 1956 JourNALS, is scheduled for publi- 
cation in the June 1957 issue. Any discussion which did not reach the Editor in time for inclusion in the 
December 1956 Discussion Section will be included in the June 1957 issue. ; 
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